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ABSTRACT
Mechanisms o f  chemical t o x i c i t y  and carc inogenes is  have been 
c r i t i c a l l y  reviewed. Apart from a c t i v a t i o n  by cytochrome P-450- 
dependent mixed-function o x id a t io n ,  f lavopro te in -m ed ia ted  o n e -e lec t ro n  
oxida t ion  appears to  be a general  mechanism f o r  the  metabolism o f  
chemicals and carc inogens .  The consequent genera t ion  o f  f r e e  r ad ica l  
m e ta b o l i t e s ,  and /or  f r e e  r a d ic a l  forms o f  oxygen, may r e s u l t  in 
i n t e r a c t i o n  with t i s s u e  membranes and macromolecules followed by 
t o x i c i t y ,  muta tions  and cancer.
The p o s s ib le  involvement o f  f r e e  r ad ica l -m ed ia ted  a u to x id a t iv e  
damage in carbon d isu lph ide  t o x i c i t y  was i n v e s t i g a t e d .  I t  was found 
t h a t  a f t e r  i n t r a p e r i t o n e a l  adm in is t ra t ion  o f  carbon d i su lp h id e  to  r a t s  
cytochrome P-450 i s  destroyed by conver ting to  cytochrome P-420, with  
loss  o f  mixed-function oxidase  a c t i v i t i e s .  This i s  followed by the  
degradation o f  both cytochromes u n t i l  about 12 hours a f t e r  a d m in is t r a t io n  
o f  the  C$2 , when syn th es i s  o f  new cytochrome P-450 o ccu rs .  The s p e c t r a l  
maximum o f  the  carbon monoxide l igand  complex o f  the  new cytochrome i s  
488.8 nm, i n d i c a t in g  e i t h e r  p r e f e r e n t i a l  sy n th es i s  o f  cytochrome P-448 
o r  the  p re fe r r e d  degradation  o f  cytochrome P-450.
Loss of  cytochrome P-450 caused by OS2  in v i t r o  i s  t o t a l l y  prevented 
by add i t ion  o f  EDTA. This provides i n d i r e c t  evidence f o r  the  involvement 
o f  l i p i d  pe rox ida t ion  ( a u to x idation) in cytochrome P-450 d e s t r u c t i o n .  
Increased formation o f  e thane by r a t  l i v e r  microsomal p re p a ra t io n s  
incubated in the presence of  both OSg and NADPH, gives sup p o r t iv e  
evidence o f  a l i p i d  pe rox ida t ive  mechanisms o f  the  microsomal membrane 
damage caused by CSg. A mechanism f o r  the  cytochrome P-450-mediated 
formation of f r e e  rad ica l  oxygen spec ies  by CS2 has been p o s t u l a t e d .
The p resen t  study a lso  provides evidence t h a t  chemically-induced 
l i p i d  p e ro x id a t io n ,  as monitored by e thane format ion,  i s  a s so c ia te d  
with a loss  o f  cytochrome P-450. Thus, th e  determina t ion  o f  cytochrome 
p-450 c o n cen t ra t io n ,  and the  r a t e  o f  i t s  d é na tu ra t ion  to  cytochrome 
P-450 and subsequent d e s t r u c t i o n ,  could prove to  be a va luab le  in v i t r o  
method f o r  s tudying the  p o te n t i a l  o f  environmental  chemicals f o r  causing 
a u to x id a t iv e  damage.
The use o f  human lymphocytes as an i n  v i t r o  system f o r  the  
d e te c t io n  o f  carcinogens and mutagens by the  induction o f  aryl  hydro­
carbon hydroxylase ,  has proved to be u n r e l i a b l e .  S tud ies  have shown 
t h a t  lack o f  s p e c i f i c i t y  o f  the  aryl  hydrocarbon hydroxylase  assay and 
numerous v a r i a b l e  f a c to r s  involved in the  c u l tu re  of  th e  lymphocytes 
c o n t r ib u te  to poor r e p r o d u c i b i l i t y  o f  t h i s  publi shed method.
In an a ttempt to  f ind  an a l t e r n a t i v e  s u b s t r a t e  f o r  aryl  hydrocarbon 
hydroxylase,  b ip h e n y l , e thoxyresoruf in  0 -d e -e th y la se  and benzo(a)pyrene 
hydroxylase assays have been examined with r e s p ec t  to  s e n s i t i v i t y ,  which 
was found to  in c rease  in the  o rd e r  o f  biphenyl 4 -hydroxylase< biphenyl 
2-hydroxylase < e thoxyresoruf in  0 - d e -e th y la se  < benzo(a)pyrene hydroxylase .  
The very high s e n s i t i v i t y  o f  e thoxyresoru f in  0 - d e -e th y la se  assay and i t s  
high s p e c i f i c i t y  f o r  cytochrome P-448 (which plays  a key r o l e  in the  
a c t i v a t i o n  of  carcinogens and mutagens), in d ic a te s  t h a t  i t  may provide 
a h ighly  s u i t a b l e  method fo r  the  de te rm ina t ion  o f  cytochrome P-448- 
dependent a c t i v i t y ,  and fo r  the  d e tec t io n  o f  chemical carc inogens .
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CHAPTER 1 
GENERAL INTRODUCTION
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INTRODUCTION
The t r a g i c  ca ta s t rophes  o f  chloramphenicol in the 1940 's ,  
thal idomide in the  1960 's ,  and, more r e c e n t l y ,  the Michigan F irem as ter  
(polybrominated b ip h e n y ls ) ,  Seveso TCDD, and Spanish cooking o i l  
d i s a s t e r s  and the i n d u s t r i a l  po isonings by vinyl ch lo r id e  and carbon 
d isu lph ide  have l e f t  a legacy o f  i l l - h e a l t h  and b i t t e r  memories,  bu t  
have a lso  brought about a pub l ic  demand f o r  the  more thorough t e s t i n g  
o f  a l l  p os s ib le  adverse e f f e c t s  o f  drugs ,  food a d d i t i v e s ,  p e s t i c i d e s  
and in d u s t r i a l  chemicals in  various  animal s p e c ie s ,  before  they a re  
approved fo r  human use o r  re leased  in to  the environment.  The le sson  
has been learned the  hard way, by b i t t e r  exper ience ,  bu t  s u b s t a n t i a l  
progress  has been made in  a r e l a t i v e l y  s h o r t  t ime,  towards achieving a 
high degree o f  s a f e ty  with  the  chemicals in  every day use in our food, 
in medicines ,  in a g r i c u l t u r e ,  the workplace o r  in  the  general  environment.
Not t h a t  the re  i s  any room fo r  complacency, as tox ico logy  i s  s t i l l  
in i t s  in fancy ,  though developing r a p i d l y ,  and the  t o x i c i t y  t e s t i n g  o f  
chemicals i s  s t i l l  l a r g e l y  an empir ica l  and n o n - s c i e n t i f i c  procedure 
which,  consequently has i t s  f a i l u r e s .  The l i m i t a t i o n s  o f  the  p re s e n t  
methods o f  s a f e t y  eva lua t ion  o f  chemicals i n  experimental  animals may 
be seen from the number o f  drugs o r i g i n a l l y  considered s a f e ,  bu t  l a t e r  
withdrawn due to adverse e f f e c t s  seen in man, e . g .  benoxaprofen f a t a l ­
i t i e s  , c l o f i b r a t e  (h e p a t ic  i n j u r y ) ,  p r a c to lo l  (oculocutaneous syndrome),  
phenformin (1 a c t a c i d o s i s ) .  Furthermore,  th e  problems o f  a s s e s s in g  the 
r i s k  o f  m u ta g e n ic i t y / ca rc in o g e n ic i ty  o f  chemicals f o r  man, by conducting 
l i f e - s p a n  s tu d ie s  in  experimental  animals are  s t i l l  l a r g e l y  unreso lved .  
The ora l  con t racep t ive  s t e r o i d s  were f i r s t  eva lua ted  f o r  c a r c in o g e n ic i t y  
in  r a t s  and mice in  the 1950 's ,  then in  dogs and p r im a te s ,  because o f  the
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equivocal r e s u l t s  obta ined  in  roden ts .  Increases  in  the inc idence  
o f  carcinoma o f  the b r e a s t  in dogs and, l a t e r ,  o f  endometrial  carcinoma 
in p r im ates ,  were considered to be o f  l i t t l e  o r  no s ig n i f i c a n c e  to man 
and the use o f  these  chemical con t racep t ives  was allowed to c o n t i n u e .A f t e r  
t h i r t y  years  o f  s a f e ty  t e s t i n g  on a s ca le  seen with  no o th e r  chemical,  
the  cumulative da ta  appears to be s c i e n t i f i c a l l y  u n in t e r p r e t a b l e  
o r  s c i e n t i f i c a l l y  unconvincing. The reason would appear to be a lack  o f  
unders tanding o f  the molecular and b io log ica l  mechanisms invo lved ,  and 
o f  the  v a r i a t i o n s  o f  these  mechanisms t h a t  occur in d i f f e r e n t  animal 
s p ec ie s .
MECHANISMS OF CHEMICAL TOXICITY AND CARCINOGENESIS - A UNIFYING HYPOTHESIS
The number o f  to x ic  chemicals which produce a c h a r a c t e r i s t i c  and 
s p e c i f i c  type o f  t o x i c i t y  i s  g r e a t  enough to  c r e a te  doubts about any 
common mechanisms o f  t o x i c i t y .  Only a f t e r  c lose  examination o f  the  
chemical s t r u c t u r e s  concerned and o f  the morphological  c h a r a c t e r i s t i c s  
and molecular mechanisms o f  the r e l e v a n t  t o x i c i t y ,  does the p o s s i b i l i t y  o f  
any common mechanisms emerge. In c a r c in o g e n ic i ty  fo r  example, many organic  
compounds (p o ly c y c l ic  aromatic hydrocarbons,  a l i p h a t i c  n i t r o s o  compounds, 
asbes tos  and m e ta l s ) ,  to g e th e r  with u l t r a v i o l e t  and io n iz in g  r a d i a t i o n  
are  known to be able  to cause m a l ignanc ie s , bu t  a l l  o f  these  d i f f e r e n t  
agents have the  a b i l i t y  to genera te  f r ee  r a d i c a l s  in  v i v o , a process 
which i s  known to r e s u l t  in  mutations and malignancy (Parke ,  1982c).
Two b as ic  mechanisms o f  t o x i c i t y  have been proposed, namely, "Acute 
Lethal In ju ry"  and Autoxidative  C e l lu l a r  I n ju r y " ,  which account f o r  most 
to x ic  phenomena r e s u l t i n g  from chemicals (Parke ,1982c) .  There a r e ,  however» 
c e r t a i n  e x c e p t io n s , in c lud ing  le th a l  syn th es i s  from f l u o r o a c e t a t e  and <x- 
f l u o r o a l i p h a t i c  a c id s ,  and i n h i b i t i o n  o f  ace ty l  c h o l in e s t e r a s e  by organo- 
phosphates .  In acu te  l e th a l  i n j u r y ,  the  energy metabolism o f  the  ce l l
i s  a f f e c t e d  bringing about f a i l u r e  o f  the  sodium pump of th e  c e l l ,  
accumulation of e l e c t r o l y t e s  and water in the  c e l l  and f i n a l l y  c e l l  death and 
t i s s u e  n ecros is  (La Via and H i l l , 1975).  Examples o f  acute  l e t h a l  i n ju r y  a r e ,  
poisoning by a r s e n i c ,  phosphorus,  cyanide ,  b a r b i tu r a t e s  and paracetamol ,  
among many o th e r s .  Autoxidative  c e l l u l a r  in ju r y  has been recognised 
only r e c e n t l y  and numerous s tu d ie s  on t h i s  t o x ic  phenomenon a re  s t i l l  
in p rog ress .  This type of in ju r y  leads  to  the  d i s ru p t io n  o f  c e l l  
membranes and impairment of th e  microsomal calcium pump r e s u l t i n g  in 
increased  au to phagocy tos is ,  c e l l  death and muta tions  (Parke,  1982c) .
A schematic  o u t l i n e  o f  the  theory  is  presented  in Figure 1.
TOXIC CHEMICALS
»  AntigensReactive  In te rmedia tes
Immunological In ju ryCytochrome P-450 
Comp!exes(Free Radical 
Generators)
AUTOXIDATIVE CELLULAR INJURY
ACUTE LETHAL INJURY Mutations
Cell Death Malignancy I n f e r t i l i t y  and 
Reproductive
E f fe c t s
Necrosis
Figure 1 . Schematic o u t l i n e  o f  the  p o s s ib le  mechanisms o f  chemical t o x i c i t y
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An inc reas ing  number of chemicals t h a t  produce t h i s  type  of t o x i c i t y  
a re  being recognised . '  The d e s t r u c t i v e  mechanisms of xenob io t ic  
t o x i c i t y  r e s u l t i n g  in au to x id a t iv e  c e l l u l a r  in ju r y  may involve:
a) overloading of one or  more o f  th e  defence systems (g lu t a th io n e ,  
superoxide  d ismutase ,  c a t a l a s e ,  e t c . ) a s so c ia te d  with  p ro te c t io n
p i
a g a i n s t  a u to x id a t iv e  chemicals ( e .g .  Fe ) and b io log ica l  ex i s t ence  
in an ae rob ic  environment, e .g .  v iny l idene  c h lo r id e ,  phorone ( d i i s o ­
propyl i dene acetone) or d i e th y lmal e a t e  dep le te  i n t r a c e l l u l a r  
g lu t a th io n e  and inc rease  l i p i d  pe rox ida t ion  (Younes and S ie g e r s ,
1981).
b) production of f r e e  r a d ic a l  in te rm ed ia tes  in th e  course  of 
xenob io t ic  metabolism, e .g .  carbon t e t r a c h l o r i d e ,  h a lo th a n e :
( U l l r i c h ,  ;et jal_, 1978).
c) genera t ion  of  f r e e  oxygen r a d i c a l s  v ia  format ion of  e l e c t r o -  
phi l i e  m e ta b o l i t e s ,  e .g .  a n th ra cy c l in e  anti tumour a n t i b i o t i c s  
with qui none or  qui nonoid s t r u c t u r e s  a re  c y c l i c a l l y  metaboli sed 
v ia  th e  corresponding semi qui none, and genera te  superoxide and 
hydroxyl r a d i c a l s  (Sato,  e t  al_, 1977;Bachur,  e t  aj_, 1978) which
in tu rn  can remove e lec t ro n s  from meth ionine ,  damage membranes and 
DNA, e t c .
d) decoupling o f  cytochrome P-450 from i t s  r e d u c ta s e ,  with cytochrome 
P-450 w i thout  red u c ta se ,  cytochrome P-450 reduc tase  a lone ,  and o th e r  
f l a v o p r o t e i n s , genera t ing  OH . Chemicals such as s a f r o l e , amphetamine, 
ha lo thane  and a number of o th e r  chemicals a re  metaboli sed t o  form 
carbanions  (Ahr, e t  al_, 1982),  or carbenes  ( U l l r i c h ,  e t  aJU 1978;
Ahr, e t  a]_, 1980),  which subsequently  l igand to  cytochrome P-450 
followed by decoupling of  th e  cytochrome from i t s  r educ tase  and 
genera t ion  of superoxy anion or  hydroxyl r a d i c a l s  (Parke,  1982c).
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e) th e  cytochrome P-450 cyc le  may genera te  and 0^'  (E s tabrook, e t  al_, 
19 79). Cer ta in  chemicals t h a t  i n t e r a c t  with cytochrome P-450, such 
as carbon di su lphide  (Obrebska,  elb al_, 1980; T o r re s ,  e t  al_, 1981), 
th iocarbonyl (d isulphiram)and thiophosphonyl (p a ra th io n )  compounds 
might be a s so c ia te d  with t h i s  phenomenon (H a lpe r t ,  e t  al_, 1980).
Oxygen t o x i c i t y  i s  a t  p re sen t  a well recognised phenomenon which 
s u r p r i s i n g l y  was p red ic ted  by the  d i sco v e re r  of i t s  l i f e  suppor t ive  
p r o p e r t i e s ,  Joseph P r i e s t l e y  (1775). With in c r e d ib l e  f o r e s i g h t ,  P r i e s t l e y  
specu la ted :  "But,  perhaps,  we may a lso  i n f e r  from th e se  experiments 
t h a t  though pure d e f l o g i s t i c a t e d  a i r  might be very usefu l  as a medic ine,  
i t  might not be so proper fo r  us in the  usual hea l thy  s t a t e  of th e  body; 
fo r  as a candle  burns out much f a s t e r  in d e p h lo g i s t i c a te d  than in common 
a i r ,  so we might,  as may be sa id  l i v e  out too f a s t , and th e  animal powers 
be too soon exhausted in  t h i s  pure kind of  a i r " .
The p o t e n t i a l l y  to x ic  oxygen spec ies  ( O ^ ,  superoxy anion;  02 2~, peroxy 
anion; OH1,hydroxyl r a d i c a l ; ^  , s i n g l e t  oxygen) a re  formed during b io lo g ica l  
reduc t ion  o f  oxygen (Chance, e^ t aj_, 1979) in a l l  l i v in g  organs (see  F i g . 2).  
The oxygen mediated c e l l u l a r  i n ju r y  can l e a d , i f  p e r s i s t e n t ,  t o  mutations  
and malignancies  ( T o t t e r ,  1980),  t o  a c c e l e r a t i o n  of th e  na tu ra l  aging 
processes  (Frank and Massaro, 1980) o r ,  i f  e x te n s iv e ,  to  u l t im a te  c e l l  
death .
C el ls  u t i l i z i n g  dioxygen a r e ,  however, under normal c o n d i t i o n s ,  
adequate ly  p ro tec ted  a g a in s t  i t s  to x ic  e f f e c t s .  All b io lo g ic a l  systems 
have developed numerous defence mechanisms inc lud ing  1) water- and l ip id -  
so lub le  a n t i o x i d a n t s ;  2) superoxide d ismutase ,  which scavenges O ^ ' ; c a t a l a s e ,  
which decomposes H^O  ^ to  H^ O and O^; 3) c aro teno id  pigments,  which t r a p  ^O^; 
and 4) g l u t a t h i o n e ,  g lu ta th io n e  perox idase ,  g lu ta th io n e  reduc ta se  and 
glucose 6-phosphate  dehydrogenase, which may func t ion  as a u n i t  t o  reduce
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s c a v e n g e r s  
make t h i s  
r e a c t io n  
im p o s s ib le
RS* + H202
A l t e r n a t iv e  pathw ay o f  
g e n e r a t io n  o f  s i n g l e t  
o x y g en  i n  th e  p r e s e n c e  
o f  s u p e r o x id e  and d i a c y l — 
v n v î a oc (  Danen and A r u d i, 
^  ^ .......................  1978)
2 RC02" f 'Og
RSSR
O x id a t io n  o f  su lp h y d r y l  
groups o f  p r o t e in s  can  r e s u l t  
in  p r o t e in  c o n fo r m a tio n a l  
changes w ith  p o s s i b l e  
a c t iv a t i o n  or i n a c t i v a t i o n  
o f  k ey  enzym es (A sada and 
K anam atsu, 1976)
Figure  2 .  Some p o s s ib le  pathways of formation of  r e a c t iv e  oxygen s p e c i e s .
The scheme dep ic t s  a cascade g enera t ion  o f  oxygen r a d i c a l s ,  and 
i t s  focal po in t  a t  the superoxide  anion formation is o f  paramount 
importance.  I t  is ev iden t  t h a t  superoxy anion ( t o x i c  i t s e l f )  is  
a p recursor  o f  a l a rg e  number o f  equa l ly  or  even more t o x i c  spec ie s
- 8 -
ox idants  and i n t e r a c t  c o v a le n t ly  with e l e c t r o p h i l e s  and f r e e  r a d i c a l s .
Evolutionary development has progressed not only towards 
improvement o f  fu n c t io n  of th e  defence mechanisms but a l s o  towards 
diminishing oxygen t en s io n  w i th in  c e l l s .  Hence the l a r g e r  th e  m u l t i -  
c e l l u l a r  organism, the  lower the  oxygen t en s io n  w i th in  th e  t i s s u e s ,  the  
lower the  ex ten t  o f  o x id a t iv e  t i s s u e  damage and m u ta t ions ,  and th e  
longer th e  l i f e  expectancy (Booth,  e t  aj_9 1967).
-  - 2  I nNever the le ss ,  the  r e a c t i v e  forms of oxygen (O^*, 0 ^ ’ , OH*, O^) 
a re  being c o n s ta n t ly  produced w i th in  th e  c e l l  during i t s  normal 
phys io logica l  f u n c t io n s .  At the  same t im e ,  they  a re  c o n s t a n t ly  de to x ica ted  
by the  aforementioned c e l l u l a r  a n t i - a u t o x i da t ion  defence mechanisms.
Numerous x e n o b io t i c s ,  however, a re  ab le  to  exacerbate  0 ^  t o x i c i t y  and 
t h i s  p e r f e c t  phys io log ica l  ba lance can be d isp laced  towards h igher  r a t e s  
of formation of  f r e e - r a d i c a l  forms of oxygen. These forms of a c t i v e  
oxygen i f  not quenched, lead to  rap id  damage of  b io lo g ic a l  macromolecules 
and d e s t r u c t io n  of  b io log ica l  membranes, r e s u l t i n g  in  ex tens ive  c e l l u l a r  
d i s ru p t io n  which f i n a l l y  r e s u l t s  in a cu te  l e th a l  in ju r y .m u ta t io n s ,  malignancy
or c e l l  death (Parke,  1982c ) .  In th e  chronic  s i t u a t i o n ,  a c t i v e  oxygen 
may be a s so c ia te d  with var ious  degenera t ive  d i s ea se  s t a t e s ,  such as 
a th e r o s c l e r o s i s  (Parke,  1981),  rheumatoid a r t h r i t i s  (Greenwald, 1981 ) 
and d iabe tes  (Grankvis t ,  1981).
Autoimmunity, as well as i n f e c t i o n ,  or th e  presence o f  chemicals ab le  
to  a c t  as an t igens  ( e .g .  phorbol e s t e r s )  may i n i t i a t e  th e  phenomenon which 
i s  manifested  c l i n i c a l l y  as inflammation. When th e  s t im ulus  i s  e x t e n s iv e ,  
a hyperimmunological response may occur involv ing  many a sp e c t s  of th e  
immune s u r v e i l l a n c e  system (molecula r ,  e .g .  lymphokines,  p ro s ta g lan d in s  
and c e l l u l a r ,  e . g .  B- and T- lymphocytes, macrophages) o f  the  hos t .  The 
same chemical spec ies  ( e .g .  peroxide) which a re  l e th a l  t o  phagocytosed
- 9 -
microorganisms, or  n e o p la s t i c  c e l l s ,  a re  a lso  cy to toxic  to  c e l l s  of  th e  
hos t .  In p a r t i c u l a r ,  superoxide (Babior, et^ al_, 1973; McCord and Sal i n ,
1975),  hydrogen peroxide  and hydroxyl r a d ic a l  (Johns ton ,e t  a l , 1975) 
l i b e r a t e d  following n e u t ro p h i l e  and macrophage death,  a r e  h ighly  
damaging with s im i l a r  consequences fo r  th e  host  t i s s u e s  as when th e se  
to x i c  forms of oxygen a r e  produced by hyperoxia.  In a d d i t i o n ,  c e l l u l a r  
d e b r i s ,  va r ious  h y d ro ly t i c  d i g e s t i v e  enzymes and o the r  b a c t e r i c i d a l  
agents  (Rosen and Klehanoff ,1977) c o n t r ib u te  to  the  inflammatory p rocess .  
However, th e  importance o f  th e  c y t o t o x i c i t y  of oxygen f r e e  r a d i c a l s  in 
inflammatory in ju r y  has been unequivocally  e s t a b l i s h e d ,  s ince  th e  s e l f -  
i n f l i c t e d  damage of  neu t roph i l  es has been shown to  be n e u t r a l i s e d  by 
superoxide dismutase ,  c a t a l a s e  or hydroxyl rad ica l  scavengers (Sal in
and McCord, 1975; McCord and S a l i n ,  1977).
MICROSOMAL METABOLISM
Mixed-Function Oxidases - Phys io log ica l  and pharmacological Function.
A g re a t  v a r i e t y  of  fo re ign  compounds, as well as a number of n a t u r a l l y  
occurring  subs tances ,  a r e  metaboli sed in th e  endoplasmic re t icu lum  of  
e u c a r i o t i c  c e l l s .  This i s  an o r g a n e l l e ,  cons i s t in g  o f  a system of  membranes, 
which may be recovered in  th e  v e s i c u l a r  fragments c a l l e d  'microsomes' 
fo llowing t i s s u e  homogenisation and d i f f e r e n t i a l  c e n t r i f u g a t i o n  ( G i l l e t t e ,  
e t  a L  1972). Assoc ia ted with the  endoplasmic re t icu lum a re  enzyme 
systems in c lud ing  t h a t  o f  the  mixed-function  ox idases ,  which comprises 
cytochrome P-450 coupled to cytochrome P-450 reduc tase  (a  f l a v o p r o t e in
conta in ing  both FAD and FMN), and l inked to a source o f  e l e c t r o n s  from 
NADPH by th e  f l u i d  l i p i d  é l e c t r o n  coup le r ,  phospha t idy lcho l ine .  This 
ubiqu i tous  system i s  found th roughout the  phylogenet ic  s c a l e  in  every
l i v i n g  organism which has been s t u d i e d ,  inc lud ing  b a c t e r i a ,  y e a s t s  and 
flowering p la n t s  (Parke and loann ide s ,  1982).
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The normal phys io log ica l  r o l e  of  the  cytochrome P-450 mixed-func tion 
oxidases  inc ludes  th e  b io syn thes i s  of c h o l e s t e r o l ,  s t e r o id  hormones, b i l e  
s a l t s  and p ros tag land ins  and the  co-hydroxylation of f a t t y  a c id s .  However, 
in a d d i t i o n  to  n u t r i t i v e  or fun c t io n a l  substances  th e re  a re  o the r  
which may e n t e r  th e  organism n o n - fu n c t io n a l ly .  These chemicals ,  which are  
fo re ig n  to  th e  metabolic  network of  an organism, have been c a l l e d  "xeno­
b i o t i c s "  (Gr. xenos and b io s ,  " s t r a n g e r  to  l i f e " ,  Mason e t  al_, 1965).
The bas ic  p a t t e r n  of metabolism of  such xenobio t ic  chemicals involves 
the  in t r o d u c t io n  of an atom of  oxygen in to  th e  s u b s t r a t e  molecule 
concomitant with th e  o x ida t ion  o f  NADPH, r e s u l t i n g  in the  
inc reased  h y d r o p h i l i c i t y  of  the  product.  Mason (1957) in troduced the  
term "mixed func t ion  oxidase" f o r  enzymes mediating t h i s  type of r e a c t i o n ,
NADPH + H+ + AH2 + 0 2 -------- > NADP+ + AHOH + HgO.
More d e t a i l s  of the  mixed-function ox ida t ion  re a c t io n  a re  presented  in 
Figure  3,
The mixed-function  oxidase enzymes of  the endoplasmic re t icu lum o f  
l i v e r  and o th e r  t i s s u e s ,  c a t a ly s e  numerous ox ida t ions  of x e n o b io t i c s ,  
inc lud ing  aromatic  and a l i p h a t i c  hydroxy la t ion ,  epoxid a t ion  * N-oxid a t io n ,  
S - o x id a t io n , d e a lk y la t io n  and deamination (Parke , 1981)* (see  Figure  4 ) .
One of  th e  c h a r a c t e r i s t i c s  of th e  microsomal enzymes, p a r t i c u l a r l y  
the  mixed-function ox idases ,  i s  t h e i r  su b s t ra te -m ed ia ted  induc t ion  
(Parke ,  1975). Three major p ro to types  of enzyme - inducing agen ts  a re  
known, namely, a )  d ru g s , which r e s u l t  in an inc rease  of  cytochrome P-450 
and th e  microsomal r e d u c ta se ,  i . e . ,  NADPH-cytochrome P-450 r e d u c ta se ,  b)
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carc inogen ic  po lycyc l ic  hydrocarbons, which inc rease  cytochrome P-448, 
a m od i f ica t io n  of cytochrome P-450, but do not in c rease  the r e d u c ta s e ,  
and c) s t e r o i d s  which inc rease  the  reduc tase  but not cytochrome P-450. 
These increased  enzyme a c t i v i t i e s  a re  a t t r i b u t e d  to  de novo sy n th es i s  
of the  enzyme p r o t e in s ,  and a re  be lieved to  involve genomal de rep res s io n  
with consequent in c reases  in t r a n s c r i p t i o n  and t r a n s l a t i o n .  Enzyme 
induc t ion  by drugs g enera l ly  reaches  a maximum a t  about 24 hours a f t e r  
a d m in i s t r a t io n  of th e  inducing agen t .  However, with carc inogen ic  poly­
c y c l i c  hydrocarbons,  and poss ib ly  o th e r  ca rc inogens ,  a much e a r l i e r  
in c rease  in  cytochrome P-448 has been observed, u s u a l l y  w i th in  2-6 hours 
a f t e r  a d m in i s t r a t io n  of the  carcinogen (Alvares,  e t  al_, 1973) and 
t h i s  appears to  be independent of p ro te in  sy n th es i s  and may r e s u l t  
from some conformational change of  cytochrome P-450 (Imai and S ie k e v i t z ,  
1971; Kahl, e t  a l ,  1977 ).
Detox ica t ion  and a c t i v a t i o n
When to x ic  chemicals are  ingested  i n to  th e  body they may be r a p id ly  
e x c re te d ,  e s p e c i a l l y  i f  they a re  p o l a r ,  n o n - l i p o p h i l i c  m a t e r i a l s ,  o r ,  
i f  they a re  l i p o p h i l i c ,  they may undergo metabolism by which they  a re  
conver ted in to  more p o la r ,  w a te r - so lu b le  compounds, which a re  more r e a d i l y  
excre ted .  The o r ig i n a l  chemical, or any of  i t s  m e ta b o l i t e s ,  may then be 
d i s t r i b u t e d  in to  the  t i s s u e s  or may be excre ted  from the  body. In t h i s  
way l i p o p h i l i c  chemicals are  made more po la r  and a r e  ev en tu a l ly  e l im ina ted  
from th e  body in th e  u r ine  or b i l e .  Many compounds which a re  excre ted  
i n to  the  b i l e  may undergo f u r t h e r  metabolism in the  g a s t r o i n t e s t i n a l
t r a c t ,  t o  be re -absorbed  and then excre ted  once again in e i t h e r  the  b i l e  
or th e  u r i n e ,  a process known as en te ro h ep a t ic  c i r c u l a t i o n  (Parke,  1982b).
- 14 -
The various  enzymic r e a c t io n s  which may occur dur ing th e  metabolism 
of t o x ic  chemicals have been c l a s s i f i e d  i n to  a) b io t rans fo rm a t ion  r e a c t io n s  
(Phase I r e a c t i o n s ) ,  and b) conjugat ion  r e a c t io n s  (Phase I I  r e a c t i o n s ) , ( s e e  
Figure 5 ) .  These b io t rans fo rm a t ion  and conjugat ion  re a c t io n s  may lead 
e i t h e r  to  th e  d e to x ic a t io n  of the  chemical and th e  e x c re t io n  o f  i t s  
m e ta b o l i t e s ,  or may lead t o  the  a c t i v a t i o n  of th e  chemical in to  r e a c t i v e  
in te rm ed ia tes  (g en e ra l ly  e l e c t r o p h i l e s  such as carbonium io n s ,  carbenes 
and f r e e  r a d i c a l s )  which may then i n t e r a c t  with g l u t a t h i o n e ,  t i s s u e  
p r o t e i n s ,  RNA, o r  DNA, to  give r i s e  t o  var ious  to x ic  r e a c t io n s  (Parke,
1982b). The major types o f  b io t r ans fo rm a t ion  r e a c t io n s  a re  shown in Figure 
6. These c o n s i s t  of o x id a t io n s ,  r e d u c t io n s ,  and hydrolyses  c a ta ly s ed  by 
the  enzymes of th e  endoplasmic re t icu lum  (microsomal enzymes) ,  by non- 
microsomal enzymes of the  c e l l  c y to s o l ,  mitochondr ia ,  or of th e  blood 
plasma and reduc t ion  and hydrolyses  (bot not ox id a t io n s )  c a ta ly s ed  by 
enzymes of the  m ic ro f lo ra  of the  g a s t r o i n t e s t i n a l  t r a c t .  The p r in c ip a l  
s i t e s  of  metabolism by mammalian enzymes a re  the  l i v e r  and the  g a s t r o ­
i n t e s t i n a l  t r a c t ,  wi th l e s s e r  a c t i v i t y  p re sen t  in th e  lungs ,  kidneys and 
the  sk in .
The conjugat ion  r e a c t io n s  with var ious  endogenous molecules make 
the  fo re ig n  chemical ( r a r e l y )  o r  i t s  m e tab o l i t e s  more h y d ro p h i l i c ,  
more po la r  and more r e a d i l y  excre ted  from th e  animal organism .
These endogenous small molecules may be sugars (g lucose ,  g lucuron ic  a c i d ) ,  
acids  ( s u lp h u r ic ,  a c e t i c )  amino ac ids  and pep t ides  (g ly c in e ,  g lu tam ine ,  
g l u t a t h i o n e ) ,  a lkyl  groups (methyl) ,  e t c . (Parke,  1982b). These con juga t ion  
re a c t io n s  a re  a s so c ia t e d  with  enzymes loca ted  in  th e  endoplasmic re t icu lum  
(UDP-glucuronylt ransferases) or in  th e  cy toso l  ( s u lp h o t r a n s f e r a s e s ,  
g l u t a t h j o n e - S - t r a n s f e r a s e s ,  methyl t r a n s f e r a s e s ) , and th e  enzymic mechanisms 
have been reviewed by Hirom and Mi 11 burn (1979).
- 15 -
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Microsomal Enzymes o f  the
Chemical drug-metabolizing Non-microsoma! intestinal
reaction enzymes mammalian enzymes microflora
Oxidation Aromatic Alcohol oxidation
(oxygenation) hydroxylation (cytoplasm)
Acyclic Aldehyde oxidation
hydroxylation (cytoplasm)
Alicyclic Alicyclic aromatization
hydroxylation (mitochondria)
Epoxidation  
N-Oxidation  
S-Oxidation  
Desulphuration  
Deal kylation
Deamination Deamination
(mitochondria and 
blood plasma)
Reduction Nitro reduction Reduction o f  sulphoxides
and N-oxides  
(cytoplasm)
A zo reduction Reduction o f  disulphides
Dehalogenation
Hydrolysis Hydrolysis o f  Hydrolysis o f  esters and
esters amides (blood plasma)
Hydrolytic ring scission 
Dehalogenation  
(cytoplasm)
Reduction o f  
N-oxides
A zo reduction 
Dehydroxylation
Hydrolysis o f  
esters 
Hydrolytic ring 
scission
FIGURE 6. C l a s s i f i c a t i o n  o f  the  metabolic  t r ans fo rm a t ion  o f  drugs
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I f  the  amount of inges ted  chemicals i s  not so high as t o  overload 
the  pathways of d e to x ic a t io n  and damage the  enzymes involved in the  
chemical defence system, th e  major pathways of metabolism a re  g e n e r a l ly  
those  of  de tox ica t io n  (see Fig.  7 ) .
Cytochromes P-450 and P-448
Cytochrome P-450 ( the  reduced CO-ligand spectrum has a maximum a t  
450 nm),the terminal oxygen t r a n s f e r a s e , i s  an e s s e n t i a l  u n i t  o f  the  
mixed-function ox ida t ion  enzyme system of th e  endoplasmic re t icu lum .
I t  c a t a ly s e s  the  i n s e r t i o n  of  an atom of oxygen from 0^ in to  th e  chemical 
s u b s t r a t e  RH, while the  o the r  atom of  oxygen a s s o c ia te s  with 2 protons  
to  y i e l d  a molecule of  water .
I t  i s  now well recognised t h a t  cytochrome P-450 of  l i v e r  and o th e r  
t i s s u e s ,  e x i s t s  in severa l  forms of isoenzymes, c h a r a c t e r i s t i c  o f  a 
p a r t i c u l a r  t i s s u e  and of  a p a r t i c u l a r  animal sp ec ie s .  These va r ious  forms 
of  cytochrome P-450 have now been s o l u b i l i s e d ,  s ep a ra ted ,  p u r i f i e d ,  and 
c h a r a c t e r i s e d  by t h e i r  enzyme s p e c i f i c i t y  and k i n e t i c s ,  immunological 
c h a r a c t e r i s t i c s , physico-chemical p r o p e r t i e s , and amino ac id  sequences 
(Guengerich,  1979). I t  has been revea led  t h a t  th e se  m u l t ip l e  cytochromes 
P-450 a re  isoenzymes or enzyme v a r i a n t s  with  over lapping s u b s t r a t e  
s p e c i f i c i t i e s .  A d i s t i n c t l y  d i f f e r e n t  form of  t h i s  cytochrome, however, 
i s  cytochrome P-448, which may a l so  e x i s t  in v a r i a n t  forms (cytochrome 
P-448, cytochrome P^-450).  Cytochrome P-448 d i f f e r s  from th e  cytochromes 
P-450 in t h a t  i t  e x i s t s  n a t u r a l l y  in the  high spin  form, predominates 
in f o e ta l  and neonatal  t i s s u e s ,  i s  found in mal ignan t ly  transformed c e l l s ,  
and i s  induced ( in s tead  of  cytochrome P-450) by chemical carc inogens  
(Parke and loannides ,  1982). In a d d i t i o n ,  whereas the  enzymic a c t i v i t y
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of cytochrome P-450 appears  to  be r e s t r i c t e d  to  the  i n s e r t i o n  of oxygen 
a t  carbons which a re  s t e r i c a l l y  unhindered,  cytochrome P-448 i s  ab le  a l so  
t o  i n s e r t  oxygen in to  s t e r i c a l l y  hindered p o s i t io n s  wi th in  the  molecule ,  
the  s o - c a l l e d  'bay- reg ions"  Parke and loann ides ,  1982). This 
d i f f e r e n t  behaviour of cytochrome P-450 and cytochrome P-448 may be a 
consequence of th e  d i f f e r e n t  s p i n - s t a t e s  o f t h e s e  two forms o f  cytochrome, 
dependent in  tu rn  on the  p ro te in  apoenzyme. Cytochrome P-450 i s  g e n e r a l ly  
p resen t  in t i s s u e  as the  "low-spin" form (a 6- l igand  complex); th e  f i f t h  
l igand  i s  a sulphydryl group of  c y s te in e  and the  s ix th  l igand i s  a 
hydroxyl group of an amino ac id  ( n i t rogen  of a h i s t i d i n e  moiety) of  
th e  apoenzyme, and can be d isp laced  by nit rogenous bases ,  t h i o l s ,  and 
various  o the r  t o x i c  chemicals which may form complexes with cytochrome P-450 
(Kumaki and N eber t ,1978;Pa rke ,1982b)( see Figure 8). In the  normal mixed-func t ion  
oxidase  a c t i v i t y  of cytochrome P-450, fol lowing binding with th e  organic  
chemical s u b s t r a t e ,  the  enzyme changes from a "low spin" s t a t e  (6 l ig a n d s )  
to  a "high spin" s t a t e  (5 l igands  with the  hydroxyl l igand broken) ,  
r e s u l t i n g  in a conformational change in th e  enzyme, and a c t i v a t i o n  of 
the  oxygen p r io r  to  i t s  t r a n s f e r  i n to  the  organic  s u b s t r a t e  (Figure  8 ) .
In c o n t r a s t ,  cytochrome P-448 e x i s t s  normally in the  "high spin"  form 
(5 l i g a n d s ) ,  i n d ic a t in g  t h a t  th e  apoenzyme of cytochrome P-448 i s  l iganded 
to  the  haem by only the  c y s te in e -S  , and t h e r e f o r e  has a conformation 
d i f f e r e n t  from t h a t  o f  th e  apoenzyme of  cytochrome P-450.
Ligand Complex Formation
The f i r s t  compound p o s tu la te d  to  form a carbene l igand  complex with th e  
haem» i ron  of cytochrome P-450 was s a f r o l e ,  the  weak hepatocarcinogen 
( U l l r i c h ,  1977), (see F igure  9 ) .  The consequence of t h i s  l igand cytochrome 
P-450 complex i s  i n h i b i t i o n  of mixed-function oxidase  a c t i v i t y ,  conversion 
o f  cytochrome P-450 a c t i v i t y  t o  cytochrome P-448 a c t i v i t y  (expressed by
increased  biphenyl 2 -hydroxylase a c t i v i t y ) , deg ranu la t ion  of t h e  l i v e r
- 20 -
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endoplasmic re t icu lum  (Parke and Gray, 1978), l i p i d  p e ro x id a t io n ,  
and d én a tu ra t io n  and degradat ion  of  cytochrome P-450 (Parke,  1982). 
Similar l igand  complexes a re  formed by o ther  methylenedioxyaryl compounds 
(e .g .  piperonyl butoxide) amphetamines and o the r  l i p o p h i l i c  amines, 
hydroxyl amines,  carbarn* ons ,  carbenes ,  o rgan ic  t h i o l s ,  su lph ides  and 
phosphtnes,  (F ra n k l in ,  1977).
CARCINOGENESIS - INITIATION.AND PROMOTION
The major pa tho log ica l  c h a r a c t e r i s t i c s  of cancer (malignant 
neop las ia )  a re :  a)  h y p e rp la s ia ,  m e ta p la s ia , dysp las ia  ; b) invas ion ,  
and c) m e ta s t a s i s .  Fur thermore ,  c e l l u l a r  c a r c in o g e n ic i ty  i s  h e r i t a b l e  
and n o n - r e v e r s ib le .
The development o f  a malignant  neoplasm is! a complex, m u l t i - s t a g e  
process ,  Carcinogens comprise a wide v a r i e t y  of  agents  in c lu d in g , a)  
ion iz ing  and u l t r a - v i o l e t  r a d i a t i o n ,  b) r e a c t iv e  chemicals and c) 
Viruses .  All the se  types  of agents may r e s u l t  in damage to  the  nuc lear  
gene t ic  m a te r ia l  (genotoxic  mechanisms) and to  changes in the  endo­
plasmic re t icu lum  and o th e r  c e l l u l a r  o rg a n e l l e s  (non-genotoxic)
(Parke,  1983).  The damage o f  th e  DNA of a c e l l  (mutation) i s  an 
e s s e n t i a l  p r e r e q u i s i t e  ( i . e .  i n i t i a t i o n  s tage )  f o r  th e  development of 
a neoplasm. This process  i s  probably accompanied by s im i l a r  damage 
to  o the r  c e l l u l a r  components, namely the  endoplasmic re t i c u lu m ,  the  
lysosomes and the  mitochondria  r e s u l t i n g  in a r e o r i e n t a t i o n  of th e  
c e l l ' s  metabolism followed by rap id  c e l l u l a r  growth and d i v i s i o n  
(promotion) ,  a l t e r a t i o n  of  the  c e l l u l a r  immune response (immuno­
s u p p re s s io n ) ,  and d e s t r u c t i o n  o f  the  h o s t ' s  normal t i s s u e s  ( i n v a s i o n ) .
One of th e  important d i s co v e r ie s  in th e  f i e l d  of  chemical
ca rc inogenes is  was made by the M i l l e r s ,  t h a t  most chemical 
carcinogens  r e q u i r e  metabolic a c t i v a t i o n  by drug-metabol iz ing  enzymes
-  23 -
to  chemically  r e a c t i v e  forms, which a re  th e  u l t im a te  carcinogens 
(M il le r  1970.; M i l l e r  & M i l l e r ,  1974). The u l t im a te  carcinogens are  
formed by a number of  metabolic  pathways inc luding  epoxid a t ion  of 
aromatic  and o l e f i n i c  double bonds, N-hydroxylat ion,  O h y d ro x y la t io n  
and N-dealky la t ion  (loannides  and Parke,  1980). I t  i s  g e n e r a l ly  t r u e  
t h a t  th e se  m e ta b o l ic a l ly  a c t i v a t e d  forms of  carc inogens ,  epoxides ,  
n i t r o so  compounds and f r e e  r a d i c a l s ,  a r e  a l l  e l e c t r o p h i l i c ,  t h a t  i s ,  
they seek out nega t iv e ly  charged regions in t a r g e t  molecules and form 
strong covalen t  chemical bonds, leading to  th e  i n i t i a t i o n  of the  
carc inogenic  p rocess .  When g ene t ic  m a te r ia l  i s  a f f e c t e d  ( a lk y l a t i o n  
and a r y l a t i o n  of DNA) t h i s  r e s u l t s  in consequent erroneous t r a n s c r i p t i o n  
of  messenger RNA and th e  s y n th e s i s  o f  modified enzymic and s t r u c t u r a l  
p r o t e in s .  The damaged DNA w i l l  propagate  t h i s  f a l s e  informat ion during 
DNA r e p l i c a t i o n  (promotion s tage )  lead ing  u l t im a te ly  to  th e  es tab l i shm ent  
o f  a c lone of  malignant c e l l s  from th e  o r ig i n a l  s i n g l e  c e l l  transformed 
(Parke,  1977). Natural mechanisms of DNA r e p a i r  may i n t e r r u p t  t h i s  
process by excis ing  th e  damaged DNA before  i t  can be r e p l i c a t e d .
The p o te n t i a l  o f  chemicals t o  promote ca rc inogenes i s  may a l so  
depend on t h e i r  a b i l i t y  to  damage th e  endoplasmic re t icu lum  and modify 
or i n h i b i t  microsomal cytochrome P-450, with uncoupling o f  th e  e l e c t r o n -  
t r a n s p o r t  cha in ,  lo s s  o f  polysomes,  erroneous p ro te in  and g lycopro te in  
syn th es i s  and th e  conversion of cytochrome P-450 t o  P-448 (Parke,  1977).
The exac t sequence and the  p r e c i s e  mechanism of  th e  pathology of th e  
c e l l  a s so c ia t e d  with e s t a b l i s h i n g  malignancy, a r e  not y e t  known.
Bay-Region Hydroxylation
An event seemingly c lo s e ly  a s so c ia te d  with the  es tab l i shm ent  of 
malignancy i s  the  appearance o f  a n e o p la s t i c  form of  the  microsomal 
cytochrome (cytochrome P-448) with the  concomitant d isappearance  of
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the  normal cytochrome P-450, This may occur by de novo syn thes is  
of new P-448 cytochrome, or p o s s ib ly  by some conformational change.
I t  i s  well known t h a t  c u l tu re d  hepa tocy te s ,  and o the r  mammalian c e l l s ,  
r a p id ly  lose  t h e i r  cytochrome P-450 a c t i v i t y ,  t h i s  being rep laced  by 
cytochrome P-448; r e c en t  work has ind ica ted  t h a t  t h i s  replacement of 
cytochrome P-450 by cytochrome P-448 accompanies pre-malignant 
t rans fo rm a t ions /m u ta t ions  in i s o l a t e d  c e l l s  (Padieu,  personal 
communication).
In re cen t  s t u d i e s ,  c o r r e l a t i n g  morphological  events with biochemical
changes fol lowing th e  chronic  a d m in i s t r a t io n  o f  various  hepatocarcinogens 
(2-acetamidof1uorene , s a f r o l e ,  Ponceaux MX, bu ty la ted  hydroxytoluene) 
to r a t s ,  the  e a r l i e s t  events  accompanying c a rc in o g e n ic i ty  were seen to  
be degranu la t ion  of  th e  endoplasmic re t icu lum  and the  replacement of 
cytochrome P-450 by cytochrome P-448 (Parke and Gray, 1978). Fur thermore,  
the  inc rease  of  cytochrome P-448, and th e  accompanying decrease  of  
cytochrome P-450, has been suggested as a bas is  fo r  a sh o r t - te rm  t e s t  
f o r  chemical carcinogens (Creaven and Parke,  1966).
Cytochrome P-450 a c t i v i t y  appears to  be r e s t r i c t e d  to th e  i n s e r t i o n  
o f  oxygen a t  carbons which a re  s t e r i c a l l y  unhindered (e .g .  hydroxyla t ion  
of po lycyc l ic  aromatic  hydrocarbons to  proximate ca rc inogens ) ,  whereas 
cytochrome P-448 i s  ab le  to  i n s e r t  oxygen in to  s t e r i c a l l y  hindered 
p o s i t io n s  wi th in  the  molecule,  namely, th e  s o -c a l l e d  "b ay - re g io n s" , 
r e s u l t i n g  in the  formation o f  u l t im a te  carcinogens  ( i . e .  d io l  epoxides 
of po lycyc l ic  aromatdc hydrocarbons) (Levin,  e t  aj_, 1977; Parke and
lo ann ides ,  1982).
Benzo(a)pyrene and benz(a)an thracene  a re  examples 
of po lycyc l ic  hydrocarbons with th e  phenanthrene nuc leus ,  which 
n e c e s s i t a t e s  "bay-region"  epoxidat ion  ( J e r in a  and Daly, 1977; J e r i n a
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and Lehr, 1977). Epoxide formation a t  th e  7 , 8 - p o s i t i o n  of benzo(a)pyrene 
leads to  the  d e to x ic a t io n  pathway of d io l  formation and glucuronide  
con juga t ion ,  but an a l t e r n a t i v e  pathway i s  f u r t h e r  oxygenation a t  th e  
1 bay-reg ion1 9 ,1 0 - p o s i t i o n ,  to  give 7 , 8 -d ih y d ro d io l - 9 , 10-epoxide,  th e  
u l t im a te  carcinogen ( G e lb o in , .1980). The dio l  "bay-region" epoxides 
a re  not s u i t a b l e  s u b s t r a t e s  f o r  epoxide hydrase and p o s s ib ly  o th e r  
enzymes which would normally d e to x ic a te  such m e tabo l i te s  and, 
in consequence, may i n t e r a c t  with v i t a l  c e l l u l a r  components, r e s u l t i n g  
in c y t o t o x i c i t y ,  mutagen ic i ty  and c a r c in o g e n ic i ty  (Parke,  19826).
Free Radical Damage in Carcinogenesis
Recent s tu d ie s  have provided evidence t h a t  chemical c a rc in o g e n e s i s  
can be in h ib i t e d  in some in s tances  by a n t i  ox idants  and f r e e - r a d i c a l  
scavengers (Wattenberg, 1980). S im i la r ly ,  experimental tumour fo rmation 
can be i n h ib i t e d  by r e t i n o i c  ac id  and by r e t i n o i d s  (Parke and lo an n id es ,
1981), a c t in g  as superoxide anion r a d ic a l  scavengers .  Among carc inogens  
which are  l i k e l y  candida tes  to  produce f r e e  r a d i c a l s  a r e  th o se  being 
metabolized in to  qui none r e a c t i v e  in te rm ed ia tes  ( T o t t e r ,  1980).
The one e le c t ro n  reduc t ion  of  qui nones to  semi-qui none r a d i c a l s  
(by NADPH-cytochrome P-450 reduc tase  and o th e r  f l a v o p r o t e in s )  which a re
common m e tabo l i te s  of aromatic  chemicals and po lycyc l ic  hydrocarbons,  
may r e a c t  with oxygen to  form superoxide an ion ,  and may a l s o  bind to  
p r o t e in s ,  RNA, DNA, thereby  i n i t i a t i n g  t i s s u e  i n j u r y ,  muta tions  and 
carc inogenes is  (Bachur, e t  al_, 1979; Parke,  1982c) (see  Figure  10).
S im i la r ly ,  aromatic  amines a r e  metabolised in to  th e  corresponding  
n i t r o so  r a d i c a l s ,  which bind to  i n t r a c e l l u l a r  molecules ( e .g .  g l u t a t h i o n e )  
forming s t a b i l i s e d  s p i n - t r a p  r a d i c a l s  ab le  to  a c t  ( l i k e  qui nones) as 
f r e e  r a d ic a l  genera tors  ( S t i e r ,  1980).
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Elec tromagnetic  and u l t r a v i o l e t  r a d i a t i o n s  a l so  co n t r ib u te  to  carc inogenes is  
through genera t ion  o f  a h ighly  r e a c t i v e  superoxy anion rad ica l  
(M + hv — > M+ + e” ; O2  + e™ — > Og" ) which damage
{m olecule)
DNA and ce l l  membranes.
Glycoprote in  Changes in Carcinogenesis
I t  has been recognised and accepted t h a t  among the e a r l i e s t  events  
in malignant c e l l  t r ans fo rm a t ion  are  changes in the  ce l l  su r face  
g lycopro te ins  ( f i b r o n e c t i n ) . G lycopro te ins  a re  b iosynthes ized  in the  
endoplasmic re t i cu lum ,  and func t ion  as an e s s e n t i a l  p a r t  of  th e  i n t e r ­
c e l l u l a r  communication and immunological s u r v e i l l a n c e  systems (Parke,
1982), Associa ted with c a r c in o g e n e s i s ,  i s  damage to  th e  DNA and to  the  
endoplasmic re t icu lum ,  which impairs g lycop ro te in  s y n th e s i s ,  r e s u l t i n g  
in erroneous sequences o f  th e  sugar m o ie t ie s  (Warren, e t  al_. , 1978). Such 
e f f e c t s  on the  g ly copro te ins  of  th e  lysosomal membranes and lysosomal 
enzymes may r e s u l t  in enhanced a c t i v i t y  of  th e  hydro ly t ic  c y t o - d e s t r u c t i v e  
lysosomal enzymes which may c o n t r ib u t e  to  the  phenomenon of  invasion and 
to  th e  general  changes in metabolism c h a r a c t e r i s t i c  o f  th e  malignant 
c e l l .  S im i l a r ly ,  changes in g lycop ro te in s  o f  the  ce l l  s u r face  
(glycocalyx) lead  t o  lo s s  of  i n t e r c e l l u l a r  coopera t ion  and c e l l u l a r  
adhesion,  a sso c ia ted  with h y p e rp la s ia ,  m e tap las ia  and m e ta s ta s i s  
r e s p e c t iv e ly  (Van Beek, e^ t al_, 1973).
I t  has been claimed t h a t  the  ribosomes a re  bound to  th e  endoplasmic 
re t icu lum a t  cytochrome P-450 and th e  cytochrome c e r t a i n l y  has a high 
a f f i n i t y  fo r  ribosomal RNA (Takagi, 1977).  As g lycopro te in  s y n th es i s
r e q u i re s  the  attachment  of the  ribosomes t o  the  endoplasmic re t icu lum  
(H a l l in a n ,e t  a l , 1968) i t  i s  poss ib le  t o  see t h a t  the  s t a t e  of microsomal 
cytochrome R-450 may a f f e c t  g lycop ro te in  s y n t h e s i s ,  and hence may play 
some f u r t h e r  ro l e  in the  es tab l i shm ent  of malignancy.
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Short-Term Tests in  Mutagenicity  and Carc inogenic i ty
The e a r l y  and e f f i c i e n t  d e tec t io n  of  environmental carcinogens  and 
mutagens and th e  eva lua t ion  of  t h e i r  g ene t ic  e f f e c t s  a re  m a t te r s  of  g rea t  
p r i o r i t y .  The reason i s  the  very high number o f  sy n th e t ic  and na tu ra l  
substances  p re sen t  in  the  human environment t h a t  need eva lu a t in g  fo r  
m utagen ic /carc inogen ic  p o t e n t i a l .  The s tandard  procedures of l i f e - s p a n  
s tu d ie s  in experimental  animals a re  not only very expensive in t im e ,  
labour and money, but a l so  p resen t  d i f f i c u l t i e s  in  the  e x t r a p o la t i o n  of 
experimental  da ta  to  man. Thus, the  t e s t i n g  of chemicals f o r  c a r c in o g e n ic i t y  
by l i f e - s p a n  s tu d ie s  in animals i s  fac ing  inc reas ing  c r i t i c i s m  with the  
simultaneous g r e a t e r  use o f  sho r t - te rm  t e s t s .  These t e s t s  a r e  a t  p resen t  
based on th e  use o f  b a c t e r i a ,  p lan t s  and lower organisms of th e  animal 
kingdom, a lthough the  search fo r  an ap p ro p r ia te  human t e s t  system i s  a l so  
being a c t i v e l y  pursued. An a t tempt  t o  use mitogen- transformed c i r c u l a t i n g  
human leucocy tes  did not f u l f i l l  expec ta t ions .  The major f a u l t  with t h i s  
system i s  th e  spontaneous t rans fo rm at ions  of cu l tu red  c e l l s  ( c u l tu re s  
longer than 24 h o u r s ) , with chromosomal a b e r r a t i o n s  and change of  cytochrome 
P-450 to  cytochrome P-448 occurring (Fry, personal communication).
Procedures widely used a t  p re sen t  inc lude  th e  microbia l  in v i t r o  
Salmonella m utagen ic i ty  t e s t  developed by Ames,et aj_,(1975); th e  e u k a r io t i c  
Drosophila  t e s t  f o r  d e tec t in g  gene mutations and chromosomal a b e r r a t i o n s  
(Wiirgler, e t  a h  1977; Baars,  e t  al_, 1977;Vogel and Sobels.1976) o r  th e  in vivo 
micronucleus  t e s t  (Schmid, 1977) d e tec t in g  th e  consequences o f  chromosome 
breakage in polychromatic e ry th rocy te s  of bone marrow, and f i n a l l y ,  t h e  
in vivo host-media ted assay which combines the  advantages o f  microbia l  
i n d i c a to r s  with mammalian a c t i v a t i o n / d e t o x i c a t i o n  o f  the  mutagens (Gabridge,  
e t  a l , 1969).
\  •
A l to g e th e r ,  i t  appears t h a t  th e r e  i s  an adequate number o f  qu ick ,  
s e n s i t i v e ,  w e l l - v a l id a t e d  t e s t s  fo r  d e te c t in g  chemical mutagens,  and f o r
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eva lua t ing  t h e i r  carc inogen ic  p o t e n t i a l .  Y e t , the  e x t r a p o la t io n  o f  th e se  
model systems to  humans remains e lu s i v e  and the  need fo r  a sh o r t - t e rm
e^ssay with a human a c t i v a t i o n / d e t o x i c a t i o n  system and a human d e t e c t io n  
system i s  s t i l l  much needed.
Ames' test  and dependence on P-448
The Ames' t e s t  f o r  m u ta g e n ic i t y / c a rc in o g e n ic i ty  (Ames,et al_, 1975) 
comprises a mammalian l i v e r  a c t i v a t i o n  system and a microbial  d e t e c t io n  
system. Liver microsomal p rep a ra t io n s  (known as the  S-9 mix) obta ined  
from r a t s  p r e t r e a t e d  with Arochlor ( induces cytochrome P-450, but 
predominantly cytochrome P-448) a re  used as a source of mammalian a c t i v a t i n g  
enzymes, and var ious  s t r a i n s  o f  Salmonella typhimurium c e l l s ,  which a re  
auxotrophic  f o r  h i s t i d i n e ,  a re  used as th e  d e tec t io n  system. Only 
mutated p ro to t ro p h ic  c e l l s  can grow and form c o lo n ie s ,  and the  e x te n t  o f  
growth in d ic a te s  th e  mutagenic p o t e n t i a l  o f  the  chemical.
Although h ighly  v a lu ab le ,  r e s u l t s  o f  th e  Ames' t e s t  should be 
in t e r p r e t e d  with cau t ion .  The Arochlor-induced r a t  l i v e r  enzyme p re p a ra t io n  
i s  much more e f f i c i e n t  in  a c t i v a t i n g  many chemical carcinogens than i s  the  
normal human l i v e r  mixed-function oxidase  system; However, t h e  a c t i v a t i n g  
enzymes t h a t  a re  needed to  a f f e c t  the  a c t i v a t i o n  of amides,  such as 
2-acetami dof1uorene may be absent  from the  S-9 p repa ra t ion  o f  r a t  l i v e r  
microsomes. Most d e to x ic a t in g  enzymes a re  a l so  absent from t h i s  S-9 system, 
which may thus r e s u l t  in  a m agn i f ica t ion  of the  a c t i v a t i o n  of  c a rc in o g en s ,  
compared with a c t i v a t i o n  by humans (Mohn, 1978).  Bearing in mind i t s  
l i m i t a t i o n s ,  however, the  Ames' t e s t  i s  a va luab le  system fo r  t h e  d e t e c t io n  
of chemical mutagens with a r a t e  o f  p re d i c t i o n  o f  th e  order  of 80% f o r  
chemical ca rc in o g en es i s .  N e v e r th e le s s , i t  i s  considered t h a t  a b a t t e r y  
o f  sho r t - t e rm  m u ta g e n ic i t y /c a rc in o g e n ic i ty  t e s t s ,  inc luding  both in v i t r o  
and mammalian in vivo t e s t s ,  i s  a r e q u i s i t e  fo r  the  r i s k  eva lu a t io n  of 
chemicals f o r  p o t e n t i a l  c a r c in o g e n ic i t y  in man.
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Biphenyl and cytochrome P-448
Microsomal oxygenation of the  model s u b s t r a t e ,  b iphenyl ,  y i e l d s  two
major p ro d u c ts ,  namely, 2 - hydroxybiphenyl and 4-hydroxybiphenyl, to g e th e r
with t r a c e s  o f  th e  3-isomer.  In most a d u l t  animals the  major hydroxyla tion
product  i s  4-hydroxybiphenyl,  with only a minor degree o f  hydroxyla tion in
th e  2 - p o s i t i o n  (C re a v e n , ' e t  aj_, 1965). F u r the r  s tu d i e s  with 
inducing agents  have revealed t h a t  4-hydroxyla t ion  i s  ca ta ly sed  by
cytochrome p-450, w h i l s t  both 2- and 4 -hydroxyla t ions  a re  ca ta ly sed  by
cytochrome P-448 (Creaven and Parke,  1966; Burke and Br idges , 1975; At las
and Neber t ,  1976).
Full  support  f o r  t h i s  observat ion  has been obta ined  in  s tu d ie s  with 
the  r e c o n s t i t u t e d  r a t  l i v e r  monoxygenase system (Burke and Mayer, 1975).
I t  has a l so  been shown t h a t  following a d m in i s t r a t io n  of th e  weak carc inogen ic  
enzyme-inducing a g en t s ,  s a f r o l e  and i s o s a f r o l e ,  the  in c rease  in 4 - hydroxy­
l a t i o n  was t r u e  enzyme induction in h ib i t e d  by actinomycin D, whereas the  
2 -hydroxyla t ion  was an a c t i v a t i o n  not dependent on p ro te in  sy n th es i s  
(Parke and Rahman, 1971). Furthermore,  th e  i r r e v e r s i b l e  displacement of 
ribosomes from th e  endoplasmic re t icu lum (deg ranu la t ion )  by carcinogens 
(Williams and Rabin,  1971 ; Delauney and Schap ira ,  1974) and an observa t ion  
t h a t  cytochrome P-448 was more abundant in  th e  smooth membranes of  th e  
endoplasmic re t icu lum  (Mailman, e t  a l , 1975) led t o  the  e s tab l i shm ent  of 
a r e l a t i o n s h i p  between exposure to ca rc inogens ,  d eg ranu la t ion  o f  the  
endoplasmic re t i c u lu m ,  and express ion o f  biphenyl 2-hydroxylase a c t i v i t y  
This led to  the  development o f  a sh o r t - t e rm  in  v i t r o  t e s t  f o r  de termin ing 
the  carc inogen ic  p o t e n t i a l  o f  chemicals (McPherson, e t  al_. $ 1974;
McPherson, e t  a%, 1976; Parke, 1977b).
The biphenyl in v i t r o  t e s t  was l a r g e l y  e m p i r i c a l ,  but was based on 
the  observa t ion  t h a t  carcinogens cause deg ranu la t ion  of th e  endoplasmic 
re t icu lum  and brought about a conversion of. cytochrome P-450 to  P-448. The
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s t r u c t u r e  of biphenyl con ta ins  the  s p a t i a l  arrangement of th e  phenanthrene 
nuc leus ,  and 2 -hydroxy la t ion ,  but not 4 -hydroxy la t ion ,  may be considered 
as "bay-region"  oxygenation (Parke,  1977b). In p r a c t i c e ,  however, t h i s  
in v i t r o  system i s  cap r ic io u s  and u n r e l i a b l e  f o r  the  d e t e c t i o n  of  chemical 
carcinogens (Parke and lo a n n id e s , 1982), and has to  be used in combination 
with s im i l a r  in v i t r o  sh o r t  t e s t s  fo r  DNA binding and mutagenesis .
I t  i s  of i n t e r e s t  t h a t  s im i la r  u n r e l i a b i l i t y  was observed with the  
in v i t r o  degranu la t ion  t e s t  o f  Williams and Rabin (1971),  th e  b a s i s  of 
t h i s  t e s t  being r e l a t e d  to  t h a t  of the  biphenyl t e s t .  The carc inogen-  
induced d i s s o c i a t i o n  of  polysomes from the  rough endoplasmic re t icu lum 
til Vivo, i s  well e s t a b l i s h e d  (Sunshine, e t  al_, 1971; Popp and Shinozuka, 
1974; Delauney and S c h a p i r a ,1974). Therefore ,  i t  i s  conceivable  t h a t  minor 
t e ch n ica l  d i f f e r e n c e s  in  the  p repara t ion  of microsomes may a f f e c t  th e  
binding of  r ibosomes to  th e  endoplasmic re t icu lum giv ing  a v a r i a b l e  response  
o f  th e  "degranu la t ion  t e s t "  to  th e  presence of ca rc inogens ,  which may have 
s im i la r  consequences in  th e  in v i t r o  biphenyl t e s t .
However, c o r t i c o s t e r o i d s  a c t i v a t e  the  2 -hydroxyla t ion  of  biphenyl 
in v i t r o  with very high r e p r o d u c i b i l i t y  (Benford,  e t  al_, 1980). The 
s ig n i f i c a n c e  of  t h i s  phenomenon is  not f u l l y  unders tood , though i t  i s  
now recognised t h a t  c o r t i c o s t e r o i d s  may play a r o l e  in th e  r e g u la t i o n  of  
enzymes of  th e  endoplasmic re ticu lum (Parke and loann ide s ,  1982) in c lu d in g ,  
p o s s ib ly ,  cytochrome P-448, which would appear to  be a hormonally-induced 
enzyme, in c o n t r a s t  to  cytochrome P-450 which i s  s u b s t r a t e - i n d u c i b l e .
Aryl hydrocarbon hydroxylase
The enzyme, a ry l  hydrocarbon hydroxylase,  was f i r s t  desc r ibed  in  
r g t  l i v e r  by Conney,et  cH, (1957) and c a l l e d  benzpyrene hydroxylase .
The enzyme a c t i v i t y  as measured by the  f l u o r i m e t r i c  method
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inc ludes  both cytochrome P-450- and cytochrome P-448-type mixed-function 
oxidase a c t i v i t i e s .  I t  was shown by histochemical  methods t o  be p resen t  
in the  l i v e r  and a v a r i e t y  ofnon-hepatic  t i s s u e s  (Wattenberg and Leong,
1962). The enzyme was p resen t  in 90 percent of th e  t i s s u e s  examined in 
the  r a t ,  mouse, hamster and monkey (Nebert and Gelboin,  1969). I t  i s  a 
h ighly  induc ib le  enzyme, the  a c t i v i t y  being increased  up to  300-fold  in 
c e r t a i n  t i s s u e s  by t rea tm en t  with te t rach lo rod ibenzod iox in  (TCDD), 
po lycycl ic  hydrocarbons and o th e r  environmental chemicals (Conney, 1967;
Gelboin,  1967). This enzyme may metabolize  po lycyc l ic  hydrocarbons 
leading  e i t h e r  t o  a c t i v a t i o n  of carcinogens to  the  proximate carcinogens 
or to  t h e i r  d e to x ic a t io n  to  w a te r - so lub le  e x c r e ta b le  m e ta b o l i t e s .  I n s e r t i o n  
of oxygen a t  e i t h e r  an a l i p h a t i c  or aromatic u nsa tu ra ted  carbon-carbon 
bond r e s u l t s  in the  formation of an uns tab le  epoxide or arene oxide ,  
r e s p e c t iv e ly .  These po ten t  e l e c t r o p h i l e s  are  capable  of  c o v a le n t ly  
modifying both nuc le ic  ac ids  and p ro te in s  and are  l i k e l y  cand ida tes  f o r  
the  proximal (or u l t im a te )  carcinogens (Thorgeirsson and Neber t ,  1977;
U l l r i c h ,  e t  a l ,  1977).
Epoxides or  arene  oxides may a l so  be e i t h e r  enzymical ly  hydrated to  
d ihydrod io ls  or non-enzymically rearranged  to  phenols (Holder,  e t  al_, 1974).  
Both th e  phenols and d io l s  may serve as s u b s t r a t e s  f o r  microsomal or c y to s o l i c  
t r a n s f e r a s e s ,  the reby  forming w a te r - so lub le  g lucuronides  or s u lp h a te  
con juga tes .  F u r th e r  oxygenation of the  7 , 8-d ihydrodio l  of th e  benzo(a) 
pyrene a t  t h e  "b ay - re g io n " ,d e l iv e r s  the  u l t im a te  carc inogen,  which 
co v a len t ly  binds t o  DNA and i n i t i a t e s  ca rc inogenes is  (Gelboin,  1980).
The balance between mixed-function oxidase  a c t i v i t i e s  and th e  secondary
d e to x ic a t in g  enzymes may thus  be c ru c ia l  in de termining th e  degree to  
which " p o te n t i a t i o n "  of t o x i c i t y  or c a rc in o g e n ic i ty  occurs .
The induc t ion  of benzo(a)pyrene hydroxylase (aryl  hydrocarbon hydroxylase)  
a s so c ia te d  with th e  induc t ion  of cytochrome P-448, has been shown to  be
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g e n e t i c a l l y  c o n t ro l le d  in mice,  with c e r t a i n  inbred s t r a i n s  of  mice 
ex h ib i t in g  high i n d u c i b i l i t y  of  t h i s  enzyme, in c o n t r a s t  t o  o th e r  
non-responsive s t r a i n s  (Kouri , e t  al_, 1973; Thorgeirsson and Nebert ,
1977),
Much i n t e r e s t  has been cen tred  on a p o s i t i v e  c o r r e l a t i o n  suggested 
by Kellerman, e t  al_9 (1973b.) between the  inc idence  o f  human cancer 
(bronchial  carcinoma) and a high level  of  i n d u c i b i l i t y  of benzo(a)pyrene 
hydroxylase by carc inogenic  chemicals in cu l tu re d  human lymphocytes.
Trimodal d i s t r i b u t i o n  of  i n d u c i b i l i t i e s  (Tow, in te rm ed ia te  and high) 
was found by Kellerman,e t  al_9 (1973a) among th e  group o f  p a t i e n t s  s tu d ied .
A few la b o r a to r i e s  were ab le  to  demonstrate  a h e r i t a b l e  component o f  a ry l  
hydrocarbon i n d u c i b i l i t y  in c u l tu red  lymphocytes (A t la s ,  e t  al_, 1976) and 
monocytes (Okuda, e t  a l , 1977) of  monozygotic and d iz y g o t ic  tw ins .  However, 
a c ap r ic ious  v a r i a b i l i t y  of th e  lymphocyte benzo(a)pyrene hydroxylase  
assay has been repor ted  from a number of l a b o r a t o r i e s  (A t la s ,  e t  aj_, 1976; 
Md-emore, et_ al_, 1977a;Kouri , et-al_, 1974; Gurtoo, £ t  al_, 1975), which 
makes the  human lymphocyte t e s t s  f o r  g en e t i c  c a rc inogenes is  p o t e n t i a l ,  and 
f o r  th e  p o te n t ia l  c a r c in o g e n ic i ty  o f  chemica ls ,  somewhat u n r e l i a b l e .  Lack 
of  r e l i a b i l i t y  dominates the  work on th e  i n d u c i b i l i t y  of  benzo(a)pyrene 
hydroxylase measured in c u l tu red  human lumphocytes and both t h e  behaviour 
o f  lymphocytes in c u l tu r e  and th e  benzo(a)pyrene hydroxylase a ssay  i t s e l f  
have been blamed.
SPECIES DIFFERENCES IN XENOBIOTIC METABOLISM 
  ■    :-----
Species d i f f e r en ces  in th e  metabolism, d e to x ic a t io n ,  and a c t i v a t i o n  
o f  xenobio t ic  chemicals a re  well recognised with v a r i a t i o n s  in both th e  
dominance of  a l t e r n a t i v e  pathways of  metabolism and s u b s t a n t i a l  d i f f e r e n c e s  
in the  r a t e  of metabolism (Kato, 1979; Walker, 1980). In th e  o x id a t iv e  
metabolism of  a n i l i n e  fo r  i n s t a n c e ,  hydroxyla tion  a t  t h e  o r tho  p o s i t i o n  i s
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more ex tens ive  than para hydroxyla t ion  in c a r n iv o re s ,  whereas the  converse 
ap p l ie s  in the  case o f  rodents  (Parke,  1960). Two a l t e r n a t i v e  rou tes  of 
metabolism apply a l so  to  the  carc inogen ,  2-acetami d o f1uorene . The 
carc inogen ic  N-hydroxy-2-acetamido f1uorene i s  a major metabolic  rou te  
in r a b b i t ,  hamster ,  r a t ,  dog and human, but the  guinea p ig ,  lemming and 
monkey m etabo l ise  the  amide mostly by aromatic  hydroxyla t ion  to the  non- 
carc inogenic  7-hydroxy m e tabo l i te  and thus  the  carc inogen ic  e f f e c t  i s  
pot r e a d i l y  seen.  S i m i l a r l y , coumarin 7-hydroxylase a c t i v i t y  i s  found 
in th e  l i v e r  of man, r a b b i t ,  guinea p ig ,  c a t  and o th e r  mammalian s p e c ie s ,  
but i s  not p re sen t  in the  l i v e r  of mouse, r a t  and f e r r e t  and r a t  l i v e r  
a l so  conta ins  an i n h i b i t o r  o f  t h i s  enzyme (Parke,  1982b).
Species d i f f e r e n c e s  in conjugat ion  r e a c t io n s  inc lude  d e fe c t iv e
glucuronide  conjugat ion  in  the  ca t  and r e l a t e d  s p e c i e s ,  due to  low
a c t i v i t i e s  of  the  UDP-glucuronosyl t ransferases;  impaired a c e t y l a t i  on of
aromatic  amines by the  dog and the  i n a b i l i t y  of guinea pigs to  form
a ry lm ercap tu r ic  ac id  (Parke,  1982b). Species d i f f e r e n c e s  in the  r e l a t i v e
a c t i v i t i e s  o f  h epa t ic  epoxide hydrase and g lu ta th io n e  S - t r a n s f e r a s e  may
have important  im p l ica t ions  on the  s u s c e p t i b i l i t y  of  th e se  spec ies  to
chemical carc inogenes is  ( P a c i f i c i , elt al_, 1981). Likewise,  t h e r e  a r e  wide
i n t e r - s p e c i e s  d i f f e r e n c e s  in  the  r a t e s  of  metabolism o f  x en o b io t ic s .  For
mixed-func tion o x ida t ion  r e a c t io n s  the  r a t e s  of  metabolism vary in v e r s e ly
as the  body weight o f  the  spec ies  (Walker, 1978). This dependence appears
to  be a consequence of t i s s u e  0^ con cen t ra t io n s  s ince  the  t i s s u e  02 t e n s io n
i s  a l so  in v e r s e ly  p ropor t iona l  to  th e  body weight of  animal spec ie s  (Booth,
e t  a L  1967). Furthermore,  the  t o x i c i t y  o f  oxygen, and the  high t i s s u e
oxygen t en s io n  in  the  sm al le r  animal spec ie s  i s  considered t o  be the
reason f o r  the  s h o r t  l i f e - s p a n  of small sp e c ie s .  The gen e ra t io n  of f r e e
r a d i c a l s  and of  r e a c t i v e  oxygen lead to spontaneous muta tions  and t i s s u e
damage which,consequent on th e  d i f f e r e n t  t i s s u e  0^ c o n c e n t r a t i o n s ,  tend to  be 
g r e a t e r  in small animals than in  l a r g e r  animal s p e c i e s (Frank and Masaro ,1980).
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In a d d i t i o n ,  where s p e c i f i c  t o x i c  chemicals are  d e ac t iv a te d  by mixed- 
func t ion  o x ida t ion  and d e to x ic a t io n  mechanisms the  small mammal tends  
to  be more e f f e c t i v e  than man in d e a c t iv a t in g  these  t o x ic  chemica ls ,  and 
th e  use of small spec ie s  as models fo r  th e  t o x i c i t y  t e s t i n g  o f  th e se  chemicals 
may tend t o  underestimate  the  r i s k  t o  man. Conversely,  use o f  small 
mammals such as the  mouse and r a t  in c a rc in o g e n ic i ty  and m utagen ic i ty  
s t u d i e s ,  may lead to  a g r e a t e r  a c t i v a t i o n  of  th e  tox ic  chemica l , and to  
a h igher r a t e  of  malignant  t rans fo rm a t ion  than occurs in man so t h a t  
the se  spec ies  may tend to  g ive  an excess ive ly  high es t im ate  of t h e  to x ic  
response  to  be expected in man (Parke,  1982a).
CARBON DISULPHIDE TOXICITY
C l in ica l  symptoms of chron ic  carbon d i su lph ide  poisoning ( a s so c ia ted  
mainly with the  v i sco se  f i b r e s  in d u s t ry )  a re  manifested in th e  nervous 
and c i r c u l a t o r y  system (Davidson and F e i n l e i b ,  1972). In experimental  
c o n d i t io n s ,  carbon d i su lp h id e  has been shown to  be hepato toxic  with g r e a t l y  
enhanced t o x i c i t y  in p h en o barb i tone-p re t rea ted  r a t s  (Bond and De M a t t e i s ,
1969; Bond, e t  al_, 1969). Depression o f  microsomal xenobio t ic  hydroxyla t ion  
(Bond and De M a t t e i s ,  1969; De M a t t e i s ,  1974; D a lv i , e t  al_, 1975) i s  considered  
to  be the  r e s u l t  of  l i b e r a t i o n  o f  th e  s t ro n g ly  e l e c t r o p h i l i c  sulphene (S :)  
from carbon d i su lp h id e  dur ing i t s  ox id a t io n .  The sulphene su lphur  then 
becomes c o v a le n t ly  bound to  c e l l u l a r  macromolecules, mainly to  th e  microsomal 
cytochrome P-450, th e  s i t e  of  i t s  format ion (Catignani and Neal , 1975;
Neal , e t  aj_, 1976; Savola inen ,  e t  al_, 1977).
The lo s s  o f  cytochrome P-450 follows (De M a t te i s ,  1974; D a l v i , e t  a l , 
1975) accompanied by i n h i b i t i o n  of  mixed-function ox idase  a c t i v i t i e s  (D a lv i ,  
et ;al_,  1975; J B r v i s a lo ,  e t  al_, 1977a).  Degradation of  cytochrome P-450 
to  the  l a b i l e  haem-containing spec ies  known as P-420, has been demonstrated 
by De M at te is  (1974),  a l though t h i s  f ind ing  has been d isputed  by D a lv i ,  
e t  a! (1975). F u r th e r  s tu d ie s  te rminated  th e  d ispu te  in favour of  t h e
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f i r s t  ob se rv a t io n ,  when the  a c c e le r a t e d  conversion o f  haem to  b i l e  
pigments was found in the  l i v e r  a f t e r  carbon d isu lph ide  a d m in i s t r a t i o n  
( JM rv isa lo ,e t  al_, 1978). More d e t a i l s  about th e  mechanism of carbon 
d isu lph ide- induced  c y to ly s i s  ( a f t e r  phenobarbitone t r ea tm en t )  were 
revealed  with f ind ings  o f  th e  a c t i v a t i o n  of microsomal membrane-bound 
UDR glucuronosyl t r a n s f e r a s e  by CSg ( J d r v i s a lo , e j ;  a l y  1977a; J â r v i s a l o ,  
e t  al_, 1977b; J d r v i s a l o  and Vainio ,1978).  The a c t i v i t y  of UDP-glucuronosyl 
t r a n s f e r a s e  i s  increased  by tr ea tm ent  of microsomes with p ro tea se s  or 
d e t e r g e n t s ;  i t  has a l so  been shown to  inc rease  in animals exposed to  
drugs causing l i p i d  perox ida t ion  in l i v e r  (Dutton, 1975; I l l i n g  and 
Benford,  1976).
The p o s s i b i l i t y  e x i s t s  t h a t  degradation  products of  haem molecules 
( e .g ,  Fe+^) take  p a r t  in the  i n i t i a t i o n  o f  l i p i d  pe ro x id a t io n  in  microsomes 
and, converse ly ,  t h a t  l i p i d  pe rox ida t ion  i s  ab le  to  cause degrada t ion  of 
cytochrome P-450 and haem in the  l i v e r  (De M at te i s ,  1978).
HYPOTHESIS
Chemicals may r e s u l t  in t o x i c i t y  or  mutat ion and ca rc inogenes is  by 
au to x id a t iv e  t i s s u e  damage, i . e .  the  formation o f  e l e c t r o p h i l e s  and f r e e  
r a d i c a l s  which i n t e r a c t  with t i s s u e  membranes and macromolecules, o r  may
i n t e r a c t  with t i s s u e  02 to  generate  r e a c t iv e  oxygen spec ies  -  superoxy
anion (02~ ) ,  peroxy anion (O2~~) , hydroxyl rad ica l  (OH") and s i n g l e t  oxygen 
(02 ) ,  which subsequent ly  damage c e l l u l a r  macromolecules,  membranes and DNA.
The mechanism o f  t o x i c i t y  o f  harmful chemicals t h a t  r e s u l t  in  t i s s u e  
a u to x id a t iv e  damage ( e .g .  C$2 , CCl^, paracetamol) may invo lve  a s i m i l a r  
u l t im a te  mechanism to  t h a t  o f  chemical carcinogens .  Superoxy an ion and 
s i n g l e t  oxygen may be formed by 3 processes :
02 + hv — 02 "~ ( r a d i a t i o n s )
02 + Fe^+—** 02 "" + Fe+++ (m e ta ls ,  e s p e c i a l l y  Fe)
^2 ^ ^2 + R ( to x i c  chemicals and carcinogens)
i -
02 + 02 — ^  Og
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PLAN
1.
2 .
OF STUDY
To f u r t h e r  study the  mechanism o f  CSg t o x i c i t y  in vivo and 
in v i t r o  to a s c e r t a in  i f  au to x id a t iv e  processes  a re  involved .
To a sc e r t a in  i f  a u to x ida t ion  can be de tec ted  following 
ad m in is t r a t io n  o f  carc inogens .
To examine c e l l s  (human lymphocytes) in  the  p o s s i b i l i t y  t h a t  
carcinogens (and poss ib ly  o th e r  t o x i c  chemicals)  can be 
a c t i v a t e d  with the  genera t ion  o f  r e a c t iv e  oxygen, cause 
damage to  DNA, and r e s u l t  in i n d u c t i o n / a c t i v a t i o n  o f  cy to­
chrome P-448, and thus form a human c e l l  d e tec t io n  system f o r  
carcinogens and mutagens.
a) to study the  lymphocyte system to  e lu c i d a t e  the  
weaknesses t h a t  a re  r e sp o n s ib le  fo r  i t s  u n r e l i a b i l i t y .
b) to study the  cytochrome P-448 d e te c t io n  system, and 
to a s c e r t a in  i f  the  more s p e c i f i c  e thoxyreso ru f in  
0 - deethylase  assay could be used in p lace  o f  the
f lu o r im e t r i c  benzo(a)pyrene hydroxylase assay .
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CHAPTER 2
the effect of carbon disulphide on rat liver
MICROSOMAL MIXED-FUNCTION OXIDATION IN VIVO
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INTRODUCTION
Perhaps th e  key to  unders tanding the  mode of  to x ic  ac t ion  
of CS0 in the  l i v e r  i s  to  e s t a b l i s h  the  sequence o f  molecular  events
C-
a f f e c t e d  by CSg.
During 1965, Lazarev,  e t  al_ observed f o r  th e  f i r s t  t ime an i n h i b i t i o n  
of  drug metabolism (hexobarb itone ,  a l c o h o l ) in mice exposed to  i n h a la t io n  
of  CSg. Since th en ,  cons ide rab le  evidence has been accumulated on th e  
in t e r f e r e n c e  of  C$2 with microsomal metabolism. A number o f  d rug-metabo l is ing  
pathways were examined by Freundt and Kuttner (1969),  Freundt and Dreher 
(1969)and F reundt ,  e t  al_ (1976). Among them aromatic  and a l i p h a t i c  C- 
hydroxylation and 0- and N-demethylation r e a c t io n s  were found to  be s e r i o u s l y  
a f f e c t e d  (50 to  80% i n h i b i t i o n )  a f t e r  a s in g l e  i n h a l a t i o n  exposure o f  r a t s  
to  20 ppm CS2 f o r  8 h. N-Acetylation and g lu c u ro n id a t io n ,  as well as 
microsomal e s t e r a s e  a c t i v i t y ,  were a l l  more r e s i s t a n t  than  mixed-func t ion  
ox ida t ion  and t h i s  was t r u e  even a t  much h igher  c o n ce n t r a t io n s  o f  CSg 
(400 ppm, 8 h).  The i n h i b i t i o n  of enzymes s tud ied  p e r s i s t e d  only  a few hours 
and was completely  r e v e r s i b l e  (Freundt and Dreher ,  1969; Freundt and K u t tn e r , 
1969). N-Demethylation of aminopyrine in man (Mack, e t  a]_, 1974) was found 
to  be decreased to  the  same degree as seen in r a t  s t u d i e s  under s i m i l a r  
exposure c o n d i t io n s .
The assumption t h a t  CSp i s  not th e  d i r e c t  t o x i c  agen t  in th e  l i v e r  was 
suggested f o r  th e  f i r s t  time by Bond and De M at te is  (1969),  who adm in is te red  
C$ 2  to r a t s  fed with sucrose  and p r e t r e a t e d  e i t h e r  with SKF 525-A or  with 
phenobarbitone.  They found t h a t  SKF 525-A o r  sucrose  (which suppress  the
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a c t i v i t y  o f  microsomal drug-metaboli s ing  enzymes) both diminished the  
depress ion  o f  n i t r o a n i s o l e  demethylase and a n i l i n e  hydroxylase a c t i v i t i e s ,  
and th e  lo s s  o f  cytochrome P-450 a c t i v i t y .  In c o n t r a s t ,  phenobarbitone  
(a microsomal enzyme inducer ) caused an increased  loss  of cytochrome P-450, 
which c o r r e l a t e d  with the  degree of c e n t r i l o b u l a r  l i v e r  n e c r o s i s .  They 
concluded t h a t  CS2 has to be conver ted by the  drug-metabol is ing  system to  
a m e ta b o l i t e  which i s  th e  r ea l  tox ic  agent.
Strong evidence support ing t h i s  hypothesis  has been provided by
De M at te is  and Seawright (1973). They e s t a b l i s h e d  t h a t  r a t s  given 14CS2
14i n t r a p e r i t o n e a l l y ,  m etabol ise  i t  to C02 which i s  subsequently  exhaled 
in amounts l i n e a r l y  r e l a t e d  to  the  amount of cytochrome P-450 p re sen t  in 
the  l i v e r  a t  the  t ime of adm in is te r ing  the  ^CSg.  Consequently,  they  
proposed a two-s tage  desu lphura t ion  of CS2 to C02 by th e  microsomal mixed- 
func t ion  oxidase  system.
Soon a f t e r ,  h ighly  r e a c t i v e  atomic su lphur and carbonyl su lph ide  were 
i d e n t i f i e d  as m e tab o l i t e s  o f  carbon d i su lph ide  generated in v i t r o  only 
when NADPH was p re sen t  in incubat ion  mixture  (Dalvi,  e t  al_, 1974).
Evidence has a l so  been obta ined  to  show t h a t  the  atomic su lphur l i b e r a t e d  
become c o v a le n t ly  bound to  components of the  microsomes and th e  c e l l , which 
probably i n i t i a t e s  th e  to x ic  changes in th e  l i v e r  (De M at te is  and Seawright,  
1973; D a lv i ,  e t  al_, 1975; J a r v i s a l o ,  e t  al_, 1977a). In the  number of  v i t a l  
processes  d i s t u r b e d ,  t h e r e  has been found to  occur:
i )  lo s s  of  cytochrome P-450 (Bond and De M a t t e i s ,  1969;
Sokal,  1973; De Matte is  and Seawright,  1973; Dalv i ,  
e t  a l ,  1975),
i t )  an i n i t i a l  dec rease ,  followed by an in c re a s e ,  in  RNA
and p ro te in  syn th es i s  (Bond and De M a t t e i s ,  1969;
J a r v i s a l o ,  et_ al_, 1977a),
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i i i ) an inc rease  in microsomal l i p i d  content  (Freundt  and
Schauenburg,  1971),
iv)  a r i s e  in the  a c t i v i t y  o f  U DP-glucuronyl t ransferase ,
v) an in c rease  in the  diene conjugat ion o f  l i p i d s  ( J ë r v i s a l o ,
e t  2 l ,  1977a; Jê l rv isa lo ,  e t  £]_, 1977b; J â r v i s a l o  and Vainio ,  
1978; J ë r v i s a l o ,  e t  a^ ,  1979, and
vi)  a s i g n i f i c a n t  change in the  microsomal e l e c t ro n  t r a n s p o r t  
(Sokal ,  1973).
S tud ies  were t h e r e f o r e  des igned ,  with  emphasis on the  sequence o f  
ev en ts ,  to  i n v e s t ig a te  th e  i n t e r - r e l a t i o n s h i p s  o f  the  metabolism o f  CS2 
with the  i n h i b i t i o n  o f  the  mixed-function ox id ase s ,  the  lo s s  o f  cytochrome 
P-450, the  changes in microsomal e l e c t r o n  t r a n s p o r t ,  the  in d ic a te d  in c re a se  
in  l i p i d  p e ro x id a t io n ,  and the  r e s u l t a n t  h epa t ic  n e c r o s i s .
MATERIALS AMD METHODS
Animals: Male Wis tar a lb ino  r a t s  (150g body wt) were main ta ined  on rodent
breeding p e l l e t e d  d i e t  (Lab. Die t  1,  S p r a t t ' s ,  Barking, E ssex ) , and tap
water  ad J j j ) . Half  o f  the  animals were s ta rv ed  fo r  15 h and then  the  
whole group was given a s in g le  dose o f  CS2 (500 mg/kg) in  corn o i l  
i n t r a p e r i t o n e a l l y .  Rats were k i l l e d  a t  various  t imes from 10 min to 24 h 
a f t e r  a d m in is t r a t io n  o f  the  CSg.
Other r a t s  (200 g body wt) were p r e t r e a t e d  with sodium phenobarbitone 
(60 mg/kg/day)in 1 .0ml 0.9% aq,NaCl so ln  i n t r a p e r i t o n e a l l y  f o r  3 d a y s , 
o r  3-methylcholanthrene (20 mg/kg/day) in 1.0 ml corn o i l  i n t r a p e r i t o n e a l l y  
f o r  3 o r  5 days.  CS2 (100 mg/kg o r  500 mg/kg) in 1 ml of  corn o i l  o r ,  f o r
c o n t ro l s  1 ml o f  corn o i l  o n ly ,  was adminis tered  i n t r a p e r i t o n e a l l y ,  24 h
a f t e r  the  l a s t  o f  any p re t rea tm en t .
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Microsomal P r e p a r a t i o n s : Rats were k i l l e d  by cerv ica l  d i s l o c a t i o n  a t  var ious
times (0 .5  to  12 h) a f t e r  the  a d m in i s t r a t io n  o f  the  CS^. Livers were r a p id ly
removed, homogenised in cold 1.15% aq. KC1 (1 g l i v e r / 4  ml) and c e n t r i fu g e d
a t  9 ,000 g f o r  20 min to y i e l d  the  9,000 g superna tan t  p r ep a ra t io n  av .
con ta in ing  microsomes plus so lub le  f r a c t i o n s .  The supe rna tan t  was f u r t h e r  
c en t r i fu g e d  in an MSE Superspeed 50 c e n t r i f u g e  with a 8 x 25 ml angle-head 
r o t o r  a t  105,000 g w f o r  1 h; th e  microsomal p e l l e t  was resuspended inSV •
1.15% aq. KC1, redepos i ted  by c e n t r i f u g a t i o n ,  and f i n a l l y  resuspended in 
1.15% aq. KC1/0.1M phosphate b u f f e r  pH 7.6  to  give the  microsomal suspension  
(1 g l i v e r / m l ) .  The 9,000 g superna tan t  was used fo r  the  de te rm ina t ion  o f  
mixed-function oxygenase a c t i v i t i e s ,  and the  microsomal suspension was used 
f o r  the  de te rmina t ion  o f  cytochrome P-450 c o n ce n t ra t io n ,  the  wavelengths o f  
the  C0-ligand s p e c t r a ,  and th e  s u b s t r a t e  b inding  sp e c t r a .
Enzyme Assays: Biphenyl 2- and 4-hydroxylase  a c t i v i t i e s  (Creaven, e t  a]_,
1965, a n i l i n e  hydroxylase (Guarino,  e t  a l ,  1969), cytochrome P-450 (Omura 
and S a to ,  1964a),  cytochrome P-420 (Omura and Sa to ,  1964b), cytochrome bg 
(Schenkman, e t  a l ,  1967),  NADPH-cytochrome c reduc tase  (M as te r s , e t  aH,
1967) and microsomal p ro te in  (Lowry, e t  al_, 1951) were determined.
S u b s t r a t e  binding s p ec t r a  and the  b inding  cons tan t  were determined by 
the  method o f  Schenkman, e t  al_, (1967).  The wavelength o f  th e  u .v .  
a bsorp t ion  maxima in the  l igand  b inding  o f  reduced cytochrome P-450 to  
carbon monoxide was determined using a Model 219 Varian spec trophotom eter  
with  a r e p r o d u c i b i l i t y  o f  0.02 nm.
RESULTS
E f fe c t  o f  Carbon Disulphide  in  vivo on Mixed-Function Oxidases
Male r a t s ,  f a s t ed  f o r  15-27 h o r  non - fa s ted  were given a s i n g l e  
i n t r a p e r i t o n e a l  dose o f  CS^ (500 mg/kg),  k i l l e d  a t  various  t imes
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a f te rw ards  and the  l i v e r  microsomal f r a c t i o n s  prepared .  Biphenyl 
4 - hydroxylase  and biphenyl 2-hydroxylase  a c t i v i t i e s  decreased r a p i d l y  
with  t ime a f t e r  CS0 ad m in is t r a t io n  and t h i s  lo s s  was more pronouncedL
in  s ta rv ed  animals (Table 1).  At 10 min a f t e r  CSg dosage,  biphenyl 
4"'hydroxylase and biphenyl 2-hydroxylase  were a l ready  only  21% and 45%
(fed r a t s )  o r  13% and 29% ( f a s ted  r a t s )  r e s p e c t i v e l y  of  con t ro l  v a lu e s .
Loss of  th e se  enzymes progressed with  t ime and was maximal a t  about  30 min 
a f t e r  a d m in i s t r a t io n  of CSg.
Recovery of  the  cytochrome P-448-dependent biphenyl 2-hydroxylase  
a c t i v i t y  (most probably due t o  de novo s y n th e s i s )  had begun a t  4 h a f t e r  
dos ing ,  and a t  12 h the  a c t i v i t i e s  were 155% and 343% of  con t ro l  (fed and 
s ta rved  r a t s ,  r e s p e c t i v e l y ) . By 24 h a f t e r  dosing with CSg th e  a c t i v i t y  
o f  biphenyl 2 - hydroxylase (measured only in fed animals) was 209% of  
c o n t r o l . Biphenyl 4-hydroxylase  (cytochrome P-450-dependent) a l s o  began to  
reg a in  a c t i v i t y  a t  4 h a f t e r  dosage.  However, the  process  of  recovery  was 
very slow and even a t  24 h was s t i l l  only 89% (fed r a t s )  o f  con t ro l  va lue .
In r a t s  p re t r e a te d  with phenobarbitone p r i o r  to  i n t r a p e r i t o n e a l  
a d m in i s t r a t io n  o f  a s in g le  dose of CSg (100 mg/kg) and k i l l e d  2 h l a t e r ,
CS2 t r ea tm en t  again  diminished th e  enhanced l e v e l s  o f  biphenyl 4-hydroxylase  
(by 48%) 2-hydroxylase  (by 12%) and a n i l i n e  hydroxylase (by 63%) (see Table
2) .  Following induction of  th e  microsomal enzymes with m ethy lcho lan th rene ,  
a d m in i s t r a t io n  of  CS2 again caused la rg e  decreases  in biphenyl 4 -hydroxylase  
(by 49%), biphenyl 2-hydroxylase  (by 45%) and a n i l i n e  hydroxylase  (by 69%).
E f fe c t  o f  Carbon Disulphide in vivo on Components of th e  Microsomal 
Elec t ron  Transpor t  System
With male r a t s ,  f a s t ed  f o r  15 h or  n o n - fa s te d ,  given a s i n g l e  
i n t r a p e r i t o n e a l  dose of CS2 (500 mg/kg) and k i l l e d  a t  va r ious  t imes  
a f t e rw a r d s ,  the  f a s t ed  animals showed s l i g h t l y  higher c o n c e n t r a t io n s  of
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cytochrome P-450, and markedly decreased co n cen t ra t ions  of  NADPH-cytochrome 
c r educ tase  (cytochrome P-450 red u c ta se )  compared with non-fas ted  animals 
(see Table 1).  Af te r  CSg t rea tm en t  th e  reduc tase  a c t i v i t y  showed a small 
(About 20%) but n o n - s ig n i f i c a n t  decrease  in the  non-s ta rved animals a t  
" 30 mtn a f t e r  a d m in is t r a t io n  of CSg, b u t ,  in c o n t r a s t ,  was increased  to 
near ly  double in the  s ta rved  r a t s  a t  about Ih a f t e r  dosing with CSg.
D estruc t ion  of  cytochrome P-450 was a l r ead y  seen a t  10 min a f t e r  
a d m in is t r a t io n  of CSg, a lthough cytochrome damage a t  t h i s  t ime was not as 
g re a t  as the  loss  of biphenyl 4-hydroxylase  a c t i v i t y  (33% and 79% 
r e s p e c t i v e l y ) . The maximal loss  of cytochrome P-450 (50% of con t ro l  va lue) 
Which occurred  a t  1 to  4 h a f t e r  CSg dosage,  was s t i l l  l e s s  than the  loss  
of biphenyl 4-hydroxylase a c t i v i t y  (84% lo s s  a t  Ih a f t e r  CSg a d m in i s t r a t io n )  
found f o r  both fed and s ta rved  animals . Concomitantly,  the  format ion of  
cytochrome P-420 was observed. The cytochrome P-420 increased  with  time 
a f t e r  dosage of CSg, reaching i t s  h ig h es t  va lue  a t  Ih a f t e r  dosage,  and was 
p ropor t ional  to the  loss  of cytochrome P-450 (Table 1).  However, th e  t o t a l  
con ten t  of both cytochromes (P-450 plus  P-420) diminished with t ime sugges ting  
t h a t  f u r t h e r  degradation  of the  cytochrome P-420 had occurred.  These r e s u l t s  
imply t h a t  the  i n i t i a l  i n h i b i t i o n  of cytochrome P-450, r e s u l t i n g  in the  
r sp id  decrease  in microsomal oxygenase a c t i v i t y ,  i s  followed by d é n a tu ra t io n  
o f  th e  cytochrome and then to  i t s  more severe  damage and degrada t ion .
When microsomal enzymes were induced with  phenobarbitone o r  with 
methylcholanthrene  p r i o r  t o  a s in g l e  i n t r a p e r i t o n e a l  dose o f  CSg 
(100 mg/kg),  the  induced level  of cytochrome P-450 or  P-448 was decreased 
by 39% or  34% r e s p e c t iv e ly  a t  2h a f t e r  dosage (see Table 2).  Treatment 
with CS^ did not change th e  wavelength maxima o f  the  cytochrome P-450/P-448 
spec ies  with which i t  i n t e r a c t e d ,  w i th in  th e  2h of  the  experiment (Table 2).  
The concent r a t i o n  of cytochrome bg was not s i g n i f i c a n t l y  changed a f t e r  
t r e a tm en t  with e i t h e r  inducing agent (phenobarbitone or methylcholanthrene)
CM
<D
X)fO
•o
<U
+->fO
CJ
$-
4-><U
$-o_
to4->(Oo:
*ocfO
to
4->
toC£
to
4 -O
toO)to
to■o
X
o
c
o
uc3
Lu
"O0)
X
c
oJ3
S-
too
4 -O
4->U
CD
4 -
Ü3
JC
CO CO CO CO «d* CO
CD fO ^ O 0 0 1— 0 0C 1— n-
•r- >) 03 O, o, o, o, 0. 0 .
~CO L. 1— X «. +1 + + 1 4-1 4- 4-1CL sz O •1— 0 I™ CO sd- in O
• to ^ 4- CEO in 00 CO vo VO CM•i— « to C XD Er— 4-3 CD CD >3 P- 0 0 0 0 0 Oto o c to « S- jr —-
>) $- CD CD to­ to - _cre 4-3 E i- *01 CD %
•o C 4-3 CD T- E JC v j s i inO to 3: X U 0 CM CM CM CM 0
CO U CD O 0 O O O 0$- to i— JC >• >) 03S- 1— 4-3 CD Cl 5 C X \ 0 . O, o, O. 0. p.o *1- CD 4-3 O SI CD O 1— + 1 + 1 4-1 4-1 4-1 4-14- O S- fO ‘i- E to JC E O in CO CO M-O. C 4-3 4-3 CLXD e 0 CM CM 0 m
CD C CD U O C •1- >3 P-C S- 4- D) C l>u CD CO JC---- 0 O O 0 0
•r— 0  0  0  3 i— E1— O E 4- CD _c(0 CD O 1 *0 S- CDto c to x  -a c 3
*  s  S.O O CD to to VO VO «d- 0 031— -O S- X to O O CM 0E >—- CD ‘ri CD >3 >3 C73
• XD > EI E C X ^ o , O o, O, p. p.i— Q- L. 'r- E CD O 1— + 1 + 4- 4- 4-1 4-• "i— _] i— (_) CD JD E O in 00 03 CM 00
C «r- JC to E Q-XO E CO CM in O•f— 4-3 E O •r- >3 P-to • Ol &_ CO JC--- CM CM
>) >> CD CMtO Z: j=
to fO -X CO O E 0“O "O 4-3 O S- O4-3 CD .p
CD 03 CO S- CD "r— 03 >3 1  EC JX CD JO CJCD \  L- 4-3 4-3 O) E CD v
S- 03 O 4- C CD JC tO Q)sz E 4- to 4— • *r~ JC <D tO Q CM CO O4-3 O T3 CO 43 0  4-3 CO CO «d-
c O '— JO CD 3 43 O 03 4-1to VO *r- C C S- >3 3  E + 1 + 1 4-1 4-1 4-1~— o o *r- to 0 U XD ^
o CM T- <0 "O 4- I CD 1— CM CM CM *d- insz CD C 4-3 4-3 O =C E O in CO in in in
o c s- ~a to jo jo 4-3 O- EO O CD S- O 4-3 CL O CJ c4-3 O S- 4-3 CD CD c  ^
-C •r- CD CO CD SI O4-3 JD i— 4-3 •«— S- XCD i- E to C CD C CD
21l to *1— ■!— 3  CD JO 1— c E *oCO O •!— "O to c 
C C E to C 3 to CDS- CD ‘r- "O O to inpo SZ to S- •!— X3 E JO 0 CO CM CMa. >> CD 4-3 CD •r- E 0 0 O 0 0 0CD fO to 4-3 to JO sz CD Q.SZ C *a tO 4- S- -1— to E 0. 0 O. p, 0 . p.
o CD \  3  (O to S_ O 03 + 1 4-1 4- 4* 4- 4-14-3 > 0 3  CL O CO E E 0 «d* 1"-. CM 00 CO•i—' JJ %—-- c~ CD to SZ \ «d- «d- CO 'd- ■d- «d*
JO 03 \  - S- CD 4- 0 1—03 CL CM CL*0 0 0 0 O O 0 O O O
to CD E • EJO S- T- C i— to to >3 C
o CD O  ^O tO tO CL 0  ^c 5  CM i— E 3CDJO —^"r— 4-3 O "O x—- O tO to CD Oi~Du • CD CJ O E 4-3 SZ C O S- T- 03 c c
JO 2  CD S- i— U E to S- O *1-4-3 S- O to *f— S- 4-3 0 C CD>>SZ O «r- E CDsz 4- O 4-3
'5 -a 4-3 ~0 4-3 CD u 0 r-. in VO O inO C 1— XD CD T- E O 0 0 O 0
JO tO E «— C XD0 s: O CLi— to to in O, 0. 0 . 0 . o , 0 . .03 O 1— U CD 4—LU 03 + 1 4- 4- 4- 4-1 4"JC 1- 4-3 S- 4- 1 E in co vo CMO U C > C CDCD CO o_ ^ VO r^- 0 VO CM 00
O 1-- •!— E tO 5 OCM >s CD 4-3 O + CD O 0 0 O---SZ 03 o to in E E4-3 -X SZ -Oc to 0 sztO CD \  S- 0 CD E43 E 03 JO CD XD 
to 1 E CL sz 3 -<~43 OS- CO XD 3  to 0 to OO CD to £C > 4->
CD S- O 1— O CM CO
1— 0 1— 1— o> m 43 c O
to -—t— X to to o, 0 . O o, p. P,E  ^ -X x 1 CD CD X '— +1 + 1 4- 4- 4-1 4- Ir— CD Ou E tO to E CO CO co COVO O XD CD O to E E cS- 1- s_ 0  to tO CD ------- 03 0 O 03 CO COS— 4-3 SZ CD O CD JCc in in <d- «d* «d-
O C Q. 5  « E 43 td <t* «d* <d- «d- •d- «d*O <— 03 O>>CO O 3  tO S- CD VOto «— JCCD $-4— CD •i— tO  ^CJ> tO 4- CD CDO C XD E XD O•1— O•t— "I— OJ 4-3 4-3 to SZ c
to 1— C C S- >> 0 43 to CD CD
Cl tO O fO fO OCD Q- E E3  CO JO CL Ou ■3 3 CD CD JZ jr
O S- r— CD XDto to O SZ SZ •1— 43 43
S— S— (O 1— S— c CD CDS- CD 0 0 O SZ c
CD OCJ tO O- tOS- DZ 03 SZ 43 43 to tosz4-> JO JO E 0 0r— SZ to E E CMO szz SZ CMtO CD to to toCO u 0 O CO
E E JD JDO f— O•r- 43 O O >3 3^C to CD C SZ 4- CD sz sz +<C CD c CD CD SZ 43 43E 0 jr SZ 0 CD CD
t— z o_ Q_ z Z s:
- 47 -
nor a f t e r  th e  combined t r ea tm en t  with inducing agent  plus  CS^ (Table 2).  
S im i la r ly ,  NADPH-cytochrome c reduc tase  did not change markedly; i t s  
a c t i v i t y  in r a t s  p r e t r e a t e d  with phenobarbitone was only s l i g h t l y  
diminished by CS2 (by 12%) and was not  changed by CSg in r a t s  p r e t r e a t e d  
with methylcholanthrene .
A comparison of th e  r a t e s  o f  d e s t r u c t i o n  of the  cytochrome P-450/ 
p-448 spec ies  was made in r a t s  induced with phenobarbitone o r  methyl-  
cholanthrene  and then given a s in g l e  i n t r a p e r i t o n e a l  i n j e c t i o n  of  CS2 
(500 mg/kg) and k i l l e d  a t  inc reas ing  t ime in t e r v a l s  (0 .5h,  4h, 12h) a f t e r  
CS2 a d m in i s t r a t io n  (Table 3 ) .  The experiment revealed t h a t  a l though in 
the  case  of both p henobarb i tone-p re t rea ted  and m e th y lch o lan th ren e -p re t r ea ted  
r a t s ,  cytochrome P-450 was s t i l l  being destroyed a t  12 h a f t e r  C$2 t r e a tm e n t ,  
the  uninduced con t ro l  r a t s  had begun to  syn thes ize  new cytochrome which was 
c o n t r ib u t in g  to  a recovery  (Table 3 ) .  The r a t e  of  lo s s  of cytochrome P-450/ 
P-448 was more rap id  fo llowing p re t rea tm en t  with phenobarbitone (37% in 
0.5  h) than a f t e r  methylcholanthrene  p re t rea tm ent  (7% in 0 .5  h ) .  This i s  
not unexpected s ince  cytochrome P-450 i s  l e s s  s t a b l e  than cytochrome P-448 
and has a s h o r t e r  h a l f - l i f e , b e i n g  thus more vulnerable  to  damage produced by 
CS2 . A q u a l i t a t i v e  change in th e  na ture  of the  cytochrome was noted a t  12h 
following dosage of uninduced r a t s  with CS . The new cytochrome P-450 which 
appeared t o  have been syn thes ized  had a maximum absorbance in th e  CO-binding 
spec t ra  a t  448.8 + 0.1 nm in s te ad  of  the  o r ig in a l  450.Onm (Table 3 ) .  No 
s im i l a r  change was observed in th e  r a t s  p re t r e a te d  with phenobarbitone  or 
P)ethylcholanthrene which was not s u r p r i s in g  s ince  in th e se  animals th e re  was 
no evidence of s i g n i f i c a n t  de novo enzyme syn thes is  by 12h.
E f fec t  of Carbon P isu lp h id e  in vivo on Apparent S u b s t ra te  Binding 
Constants of  Cytochrome P-450
The e f f e c t s  of CS2 on the  apparent  s u b s t r a t e  binding c o n s ta n t s  of  
type I (hexobarbitone) o r  type II  ( a n i l i n e )  s u b s t r a t e s  were in v e s t ig a t e d
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using microsomes from normal r a t s  or from r a t s  p r e t r e a t e d  with 
phenobarbitone or methycholanthrene.  The CS^ was admin is te red  
i n t r a p e r i t o n e a l l y  as a s in g le  dose of 500 mg/kg and th e  animals 
were k i l l e d  a t  0 . 5 ,  4 and 12 h l a t e r .
The changes in binding due to  CSg a re  shown in Table 4. The 
bfndtng o f  the  type I s u b s t r a t e  to  microsomes from normal or  pheno- 
ba rb t ' tone^pre t rea ted  r a t s  was moderately decreased, and th e  apparen t  Ks 
values  were inc reased  2- to  3 - f o ld .  S im i la r ly ,  with microsomes from methyl­
chol a n th r e n e - t r e a t e d  r a t s  the  K. value fo r  the  type I I  s u b s t r a t e  had 
Increased 2 - fo ld  a t  the  t ime  of a s t i l l  pronounced lo s s  of  cytochrome P-450 
a c t i v i t y  (12h a f t e r  dosage;Table  1). N ever the less ,  t h e se  r e l a t i v e l y  minor 
changes tn Ks values  were not s u f f i c i e n t  to  account f o r  th e  rap id  and 
ex tens ive  (80%) lo s s  of  mixed-function oxidase  a c t i v i t y .  The probable  reason 
i s  t h a t  t h i s  s tudy i s  g iv ing  in format ion on th e  form of  the  cytochrome which 
i s  not being damaged by CSg.
DISCUSSION
The r e s u l t s  obta ined in t h i s  s tudy confirm previous  o b serva t ions  
t h a t  in the  acu te  l i v e r  t o x i c i t y  broughtabout by carbon d i s u lp h id e ,  
microsomal cytochrome P-450 and the  mixed-function ox idases  a r e  
decreased (Bond and De M a t t e i s ,  1969; Freundt and Dreher,  1969), 
concomitantly  with the  ox ida t ive  metabolism of  the  chemical (Sokal ,
1973), This i s  in c o n t r a s t  to  the  f ind ings  o f  Freundt,  e t  a]_, (1976),  
who found no change in the  l i v e r  cytochrome P-450 con ten t  fo llowing 
acu te  exposure of  r a t s  to low co n cen t ra t ions  of carbon d i s u lp h id e .
In the  p re sen t  s tudy a t ime-sequence of  events  was observed 
fo llowing i n t r a p e r i t o n e a l  a d m in i s t r a t io n  of carbon d i s u lp h id e .  The 
c o n cen t ra t io n  o f  l i v e r  microsomal cytochrome P-450 as well as th e  r a t e s  
of hydroxyla tion  o f  both type I and type  II  s u b s t r a t e s  were decreased .
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However, the  i n i t i a l  g r e a t e r  lo s s  of biphenyl 4-hydroxylase a c t i v i t y  
than of cytochrome P-450 (see Table 1) i n d i c a t e s  t h a t  i n h i b i t i o n  of 
cytochrome P-450 occurs before  i t s  d é n a tu ra t io n  and degrada t ion .  The 
loss  of cytochrome P-450 was shown to  be the  r e s u l t  f i r s t  of déna tu ra t io n  
to  cytochrome P-420, which was formed p a r a l l e l  t o  the  decrease  in 
cytochrome P-450. This was subsequent ly  followed by the  degradation  
of both cytochromes (Table 1).
The p re sen t  work has confirmed the  previous f in d in g s  of  De Mat te is  
and Seawright (1973) who repo r ted  cytochrome P-420 formation a f t e r  
incubat ion  of  l i v e r  microsomes in  the  presence of carbon d i su lp h id e  
and NADPH. They observed a l s o  t h a t  fo llowing the  in cuba t ion ,  the  
microsomal p e l l e t  acquired  a brownish green d i s c o l o u r a t io n ,  and they 
suggested t h a t  some of the  l o s t  haem might have undergone degrada t ion .
The r e s u l t s  of De Matte is  and Seawright (1973) were d ispu ted  by D a lv i , 
e t  al_, (1975),  who s t a t e d  t h a t  th e  c o n ce n t ra t io n  of  cytochrome P-420 i s  
decreased in comparison to  con t ro l  incuba t ions .
Fu r the r  suppor t ing ,  though i n d i r e c t ,  evidence f o r  th e  r e s u l t s  obta ined  
in the  p re sen t  study was presented  by J a r v i s a l o ,  e t  al_, (1977a and b ) ,  
who found t h a t  carbon d i su lp h id e  a c t i v a t e d  microsomal UDP g lu curony l-  
t r a n s f e r a s e  and increased  th e  diene  con juga t ion  of  microsomal l i p i d s .  By 
analogy with s im i l a r  f ind ings  obta ined with carbon t e t r a c h l o r i d e  (A i t i o ,  
1974; Vainio and P a rk k i , 1974),  i t  was suggested t h a t  carbon d i su lp h id e  
might share  with carbon t e t r a c h l o r i d e  the  e f f e c t  of s t im u la t in g  microsomal 
l i p i d  p e rox ida t ion .
I f  the  degradat ion  of cytochrome P-450 i s  the  r e s u l t  of  l i p i d  
p e ro x id a t io n ,  a lo ss  of o th e r  microsomal membrane components might have 
been expec ted ,  and indeed a small lo s s  of NADPH-cytochrome c re d u c ta se  was 
de tec ted  in the  unstarved animals (Table 1 ) ,  a l though cytochrome bg was 
not s i g n i f i c a n t l y  a f f e c t e d  (see Table 2 ) .
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The decrease  in the  r a t e s  of  metabolism of both type I (b ipheny l ) 
and type II  ( a n i l i n e )  s u b s t r a t e s  was p a r a l l e l e d  in t ime by only minor 
changes in K$ values  f o r  both types o f  s u b s t r a t e  following a d m in i s t r a t io n  
of carbon d i su lp h id e  (see Table 4 ) .  Other workers have observed in h i b i t i o n  
of hepa t ic  microsomal mixed-function  oxygenases by a d d i t io n  of  carbon 
d i su lph ide  in v i t r o , and concluded t h a t  the  carbon d i su lp h id e  i t s e l f  acted  
as i n h i b i t o r  (Von Kromer and Freundt,  1976). They observed a two-fold  
inc rease  in the  apparen t  Km value f o r  th e  e f f e c t  o f  carbon d i su lp h id e  on 
the  N-demethylation of aminopyrine, a type I s u b s t r a t e ,  which i s  comparable 
with our observed inc reases  in the  Kg v a lu es .  L a te r ,  Dalvi and
Howell (1978) found t h a t  carbon d i su lp h id e  i n t e r f e r e d  only with the  binding 
of type T s u b s t r a t e s  to  microsomal cytochrome P-450, and t h a t  th e  binding 
o f  a n i l i n e ,  a type  II  s u b s t r a t e ,  was u n a f fe c t ed .  These obse rva t ions  led 
these  workers to  p o s tu la t e  t h a t  th e  analogous i n h i b i t i o n  of cytochrome 
P-450 and mixed-function  oxidase a c t i v i t y  by carbon d i s u lp h id e ,  d i s u l f i r a m ,  
mal a t h i  on and pa ra th ion  was th e  r e s u l t  o f  t r a n s f e r  o f  sulphur from th e se  
s u b s t r a t e s  to  the  type I s u b s t r a t e  binding s i t e  o f  cytochrome P-450, where 
i t  i s  c o v a le n t ly  bound. Our observa t ions  did not agree  with t h i s ,  f o r  we 
found t h a t  both type I and type II  s i t e s  were s i m i l a r l y  a f f e c t e d ,  but not 
to  the  e x te n t  t h a t  would account f o r  the  observed lo s s  of  mixed-function  
ox idase  a c t i v i t y ,  which i s  undoubtedly the  r e s u l t  o f  d e s t r u c t i o n  of
cytochrome P-450.
I t  i s  s i g n i f i c a n t  t h a t  a l though i n t r a p e r i t o n e a l  a d m in i s t r a t i o n  of 
carbon d i s u lp h id e ,  w i th in  two hours of a d m i n i s t r a t i o n ,  did not a f f e c t  the  
type  of  cytochrome P-450 of  normal, phenobarbitone  or methylcholanthrene-  
p r e t r e a t e d  r a t s  (Table 2 ) ,  a t  12 h a f t e r  carbon d i su lp h id e  the  wavelength 
of  th e  s p e c t r a l  maximum of the  carbon monoxide l igand  complex o f  th e  
microsomal cytochrome changed from 450.0 + 0.1 t o  448.8 +.0 .1  nm (Table 3 ) .  
At t h i s  t ime the  co n cen t ra t ion  of cytochrome P-450 i s  in c re a s in g ,  presumably
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due to  de novo s y n th e s i s ,  so t h a t  the  decrease  in wavelength may be due 
to  the  p r e f e r e n t i a l  sy n th es i s  o f  cytochrome P-448, as occurs with 
carc inogens ,  o r ,  a l t e r n a t i v e l y ,  t o  th e  p re fe r r e d  degradation of 
cytochrome P-450, which i s  known to  be l e s s  s t a b l e  than cytochrome 
P-448.
An a t tem pt  to  examine th e  events  involv ing the  r e l e a s e  of atomic 
su lphur during carbon d i su lp h id e  metabolism was made by Catignani and 
Neal (1975). They provided evidence t h a t  sulphydryl groups of 
c y s te in e  re s idues  in th e  microsomal p ro te in s  a re  a s i t e  of a t t a c k  of  
atomic su lphur (sulphene) with the  format ion of a hydrodisulphide  bond.
Other th iocarbonyl or thiophosphonyl compounds, such as phenyl- 
th io u rea  or pa ra th io n ,  which a r e  metabolised  by l i v e r  microsomal f r a c t i o n  
to  t h e i r  oxygen analogues ,  a l s o  r e s u l t  i n  a decrease  in l i v e r  cytochrome 
P-450 (De M a t t e i s ,  1974; Hunter and Neal, 1975). Davis and Mende (1977) 
showed t h a t  the  sulphur o f  pa ra th ion  i s  a l s o  bound to cytochrome P-450 
and suggested t h a t  i t  was bound to  a t h i o l  re s idue  of c y s te in e  to  form a 
hydrodisulphi de bond. The a d d i t io n  of  t h i o l  compounds such as c y s t e i n e ,  
g lu ta th io n e  or d i t h i o t h r e i t o l  to  microsomal incubat ions  of  pa ra th io n  
decrease  the  binding of p a ra th ion  su lphur  t o  the  microsomal p r o t e in  and 
a l so  decrease  th e  loss  in a c t i v i t y  of  the  microsomal mixed-function  
oxidase (Morell i  and Nakatsugawa, 1978). From th e  e f f e c t  of th e se  added 
t h i o l s  i t  was concluded t h a t  the  i n a c t i v a t i o n  of the  microsomal mixed- 
fu n c t io n  oxidases  might be r e l a t e d  t o  th e  binding of th e  pa ra th ion  
su lphur to  a h i g h - a f f i n i t y  component of  the  microsomal oxidase  
(Morel!i  and Nakatsugawa, 1978).
Carbon d i s u lp h id e ,  l i k e  carbon t e t r a c h l o r i d e ,  i s  known t o  r e s u l t  in 
l i p i d  pe rox ida t ion  ( J a r v i s a l o ,  et^ al_, 1979). The in h i b i t i o n  o f  t h e  mixed- 
fun c t io n  ox idase  a c t i v i t y  of  cytochrome P-450 would be expected t o  lead
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to  decoupling from the  NADPH-cytochrome c r e d u c ta s e ,  lo c a l iz e d  l i p i d  
pe ro x id a t io n ,  and degradat ion  o f  the  cytochrome P-450 and e v en tu a l ly  
o the r  microsomal enzymes and c e l l u l a r  membranes, r e s u l t i n g  in lo s s  of 
mixed-function oxidase a c t i v i t y  and c e n t r i l o b u l a r  n e c r o s i s ,  as occurs 
with carbon t e t r a c h l o r i d e  and c e r t a i n  o th e r  halogenohydrocarbons 
(Parke, 1981), This suggested mechanism f o r  carbon d i su lp h id e  t o x i c i t y  
i s  in agreement with th e  r e c e n t  f in d in g s  of  J a r v i s a l o ,  e t  a%, (1978) 
t h a t  " a f t e r  carbon d i su lp h id e  exposure the  a f f i n i t y  o f  haem f o r  binding 
s i t e s  w i th in  the  microsomes i s  reduced" . These workers f u r t h e r  showed 
t h a t  t h i s  r e s u l t e d  in th e  loss  of haem from th e  endoplasmic re t i cu lu m ,  
with consequent induct ion  of haem oxygenase and increased  degrada t ion  
of haem in to  b i l e  pigments.  In phenobarb i to n e -p re t rea ted  r a t s ,  carbon 
d isu lph ide  a d m in is t r a t io n  r e s u l t e d  in g r e a t e r  damage t o  cytochrome P-450 
and to  g r e a t e r  induc t ion  of haeme oxygenase, which i s  a l s o  in  agreement 
with our f in d in g s .
This mechanism of microsomal mixed-func t ion  oxidase  i n h i b i t i o n ,  
cytochrome P-450 d e s t r u c t i o n ,  a cc e l e r a t e d  haem deg rada t ion ,  and c y to ­
t o x i c i t y  i s  l i k e l y  to  apply g e n e r a l ly  to  a l l  th iocarbonyl  (p e n to th a l ,  
d i s u l f i r am )  and thiophosphonyl (mal a t h i o n ,  p a ra th io n ,  e t c . )  compounds 
which undergo o x id a t iv e  su lphur- rep lacement  dur ing metabolism by the  
microsomal enzymes ( J a r v i s a l o ,  e t  a l , 1978). I t  may a l so  apply  t o  o th e r  
t i s s u e s  t h a t  con ta in  cytochrome P-450, as well as the  l i v e r ,  and may 
thus account f o r  the  c o n d i t io n s  of  h y pe r tens ion ,  a t h e r o s c l e r o s i s  and 
coronary h e a r t  d i s ea se  (Davidson and F e i n l e i b ,  1972; Parke,  1981), 
which a re  a l s o  a s so c ia te d  with carbon d i s u lp h id e  i n t o x i c a t i o n  (Wronska- 
Nofer,  e t  e/U 1980).
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CHAPTER 3
THE EFFECT OF CARBON DISULPHIDE ON RAT 
LIVER MIXED-FUNCTION OXIDATION IN VITRO
- 56 -
INTRODUCTION
Studies  on the  microsomal metabolism of  carbon d i su lph ide  in r a t  
l i v e r  in v i t r o , complementary to  th e  in vivo work, have led to  f u r t h e r  
in format ion concerning i t s  metabolism and t o x i c i t y .
The incubat ion  of  r a t  l i v e r  microsomes with CS0 r e s u l t e d  in a marked
loss  of cytochrome P-450 (measured as i t s  CO complex) but only when
NADPH was a l so  p re sen t  (De Mat te is  and Seawright ,  1973). These r e s u l t s
agreed well with e a r l i e r  observa t ions  on the  loss  of  cytochrome P-450 from
r a t  l i v e r  microsomal membranes t r e a t e d  with CS^ in v iv o . In a d d i t i o n ,  a
d i r e c t  r e l a t i o n s h i p  has been e s t a b l i s h e d  between the  t o t a l  cytochrome P-450
14con ten t  of the  l i v e r  (a t  the  t ime of  adm in is te r ing  CS^) and th e  amount 
of  14C02 exhaled in  the  b rea th  o f  the  r a t  (De Matte is  and Seawright ,
1973), This has been followed by demonst rat ing the  formation in  
y j t r o  of  carbonyl su lphide  (COS), a t h e o r e t i c a l l y - p r e d i c t e d  in te rm ed ia te  
of  CS2 metabolism, by means of  mass spectrometry  (Dalv i,  e t  aj_, 1974) 
and gas chromatography (Thornsberry , 1971).
Using C ^ S ^ ,  Dalvi e t  al_, (1974; 1975) have shown the  cova len t  binding
of  su lphur to  the  microsomal membrane in v i t r o . The binding was
s i g n i f i c a n t l y  g r e a t e r  in incubat ions  which conta ined NADPH, and was 
s t ro n g ly  i n h ib i t e d  by carbon monoxide. The binding o f [ ^ s ] C S 2 exceeded by 
f a r  t h a t  o f  [■4C]CS2#. showing t h a t  i t  was the  su lphur of CSg t h a t  was bound.
Liver microsomes from p h e n obarb i tone- t rea ted  r a t s  bind th e  su lphur to  an 
e x t e n t  some f i v e  t imes t h a t  observed with microsomes from u n t re a ted  r a t s .
These r e s u l t s  have confirmed th e  h ypo thes i s ,  based on in vivo 
s tu d ie s  (Bond and De M at te i s ,  1969; Bond, e t  a l ,  1969; De Mat te is  and
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Seaw righ t ,1973) t h a t  CSg h e p a to to x ic i t y  i s  mediated by i t s  metabolism 
to  a more t o x ic  m e ta b o l i t e .  The wider s ig n i f i c a n c e  of th e se  data  i s  
evidenced by the  observed lo s s  of cytochrome P-450 when para th ion  
(De M a t t e i s ,  1974; Norman,e t  al_, 1974), phenyl t h io u r e a ,  1 -naph thy l i so -  
th iocyana te  (De M a t t e i s ,  1974),  sodium d ie th y ld i th io c a rb a m a te ,  t h io u r e a ,
2 - t h i o u r a c i l , 2 - im id azo l id in e th io n e  o r  methimazole (Hunter and Neal ,
1975) were incubated  with l i v e r  microsomes in the  p resen t  of  NADPH. The 
oxygen analogues  o f  th e se  compounds were a l l  i n a c t iv e .  The t o x i c i t y  of 
these  th jono-carbonyl and thiono-phosphonyl compounds a r i s e s  from the  
cytochrome P-450-ca ta lysed  r e l e a s e  of sulphenyl sulphur ( S : ) and i t s  
covalen t  binding to  the  monooxygenase enzyme system, with th e  r e s u l t a n t  
in h i b i t i o n  of th e  a c t i v i t i e s  o f  t h i s  sytem.
The i n h i b i t i o n  by CS^ of  a number of microsomal drug-metabo l is ing  
enzyme a c t i v i t i e s  has been widely rep o r ted .  Decreased C-hydroxyla t ion ,  
N-demethylat ion,  O-g lucuronida t ion  and N -ace ty la t ion  r e a c t io n s  were 
found in vivo (Freundt and Kuttner ,  1969). Decreased benzphetamine 
metabolism (Hunter and Neal, 1975; D a lv i , e t  aj_, 1975),  a n i l i n e  hydroxy la t ion ,  
m ' t ro an i s o l e  déméthyla tion (Bond and De M at te i s ,  1969), 7-ethoxycoumarin 
d e - e t h y l a t i o n ( J a r v i s a l o , e t  al_, 1977b) and biphenyl 4- and 2-hydroxyla t ion  
(Obrebska, e t  al_, 1980) were a l so  observed as the  r e s u l t  o f  CSg 
a d m in i s t r a t io n  and metabolism.
The vu ln e rab le  s i t e  of th e  monoxygenase enzyme system to  C$2 t o x i c i t y  
appeared to  be the  te rminal monoxygenase i t s e l f  i . e .  cytochrome P-450.
Neal, e t  al_, (1976),  using a technique involving an antibody t o  p u r i f i e d  
r a t  l i v e r  cytochrome P-450, gave evidence t h a t  the  su lphur  becomes bound 
predominantly i f  no t  e x c lu s iv e ly  to  cytochrome P-450. The same conclus ion  
has been drawn by Savola inen, e t  aj_s (1977),  who compared p re p a ra t io n s  of
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microsomes with  c o v a le n t ly  bound CSg-sulphur and p u r i f i e d  cytochrome P-450 
by polyacrylamide  d i s c  gel e l e c t r o p h o r e s i s .
The su lphur  r e le a se d  during ox id a t iv e  decomposition of CS^ i s  
an e l e c t r o p h i l i c  s p e c ie s ,  namely the  sulphene d i r a d i c a l , and Cat ignani  and 
Neal (1975) proposed th e  nuc leoph i l i c  sulphydryl group of c y s te in e  as the  
most probable  s i t e  of  a t t a c k  to  form the corresponding hydrod isu lph ide.
This would be a p o s s ib le  mode of sulphur i n t e r a c t i o n  and would lead to  
subsequent i n h i b i t i o n  o f  cytochrome P-450.
There a re  many examples of chemicals which give r i s e  to  h e p a to t o x i c i t y  
and c a r c in o g e n ic i t y ,  by processes  a sso c ia ted  with t h e i r  microsomal 
metabolism to  h igh ly  r e a c t i v e  in te rm ed ia tes .  These in te rm ed ia te s  may r e a c t  
in d i f f e r e n t  ways, but many form s t a b l e  complexes with microsomal cytochrome 
P-450 which r e s u l t s  in th e  simultaneous loss  o f  mixed-function  ox idase  
a c t i v i t y  (F ra n k l in ,  1971 ; Buening and F ran k l in ,  1976). S a f ro le  was 
among th e  f i r s t  o f  th e  compounds shown to  e x e r t  i t s  h e p a to t o x i c i t y  in t h i s  
way (Parke and Rahman, 1971). The m e tabo l i te s  o f  s a f r o l e  form a complex 
with cytochrome P-450, which r e s u l t s  in the  simultaneous lo s s  o f  cytochrome 
P-450 mixed-function oxidase  a c t i v i t y ,  p rogress ive  loss  of  cytochrome P-450 
and an in c re a s e  in cytochrome P-448 a c t i v i t y ,  as measured by the  2-hydroxy-
1 a t io n  o f  biphenyl (Lake and Parke,  1972).
The fo llowing s tu d ie s  were c a r r i e d  out with CS and l i v e r  microsomal 
p rep a ra t io n s  in  v i t r o , to  determine the  molecular mechanisms of  CS^
h e p a t o t o x i c i t y ,  and to  a s c e r t a i n  i f  ox ida t ive  desu lphura t ion  of CS^ leads
to  the  loss  o f  cytochrome P-450 and mixed-function oxidase  a c t i v i t i e s  by 
a s i m i l a r  process o f  l igand complex formation.
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MATERIALS AND METHODS
Animals: Male Wistar a lb ino  r a t s  (150 g body weight)  were maintained on
rodent breeding p e l l e t e d  d i e t  (Lab. D ie t  1, S p r a t t 1s , Barking, Essex) ,  and 
tap  water a d . l ib . ,  in cond i t ions  of  50-60% humidity and 21°C tempera ture .
Some r a t s  were p r e t r e a t e d  with sodium phenobarbitone (80 mg/kg/day) in 
1.0 ml 0.9% aq. NaCl so ln .  i n t r a p e r i t o n e a l l y  f o r  3 days,  or  3-methyl- 
cho lan threne  (20 mg/kg/day) in  1.0 ml corn o i l  i n t r a p e r i t o n e a l l y  f o r  
3 days .
Microsomal P r e p a r a t i o n s : The 9,000g pos t -mitochondria l  s u p e rn a tan t  and
microsomal f r a c t i o n s  of l i v e r  were prepared as descr ibed  in the  Experimental 
s e c t io n  of Chapter 2. The 9,000g sup e rn a tan t  was used f o r  the  de te rm ina t ion  
of  mixed-function oxidase a c t i v i t i e s ,  and the  microsomal suspension was used 
f o r  the  de termina t ion  of the  co n cen t ra t ions  of  cytochromes P-450 and bg, the  
wavelength of the  C0-1igand s p e c t r a ,  and th e  s u b s t r a t e  binding s p e c t r a .
P ro te in  was es timated  by the  method of  Lowry, e t  aj_. (1951),  using bovine 
serum albumin as a s tandard .
E f fe c t  o f  Carbon Disulphide  on Mixed-function Oxidase A c t i v i t i e s
Liver pos t -mitochondr ia l  superna tan t  (0.5ml) from contro l  male r a t s  (200g) 
body w t . ) was pre incubated a t  37°C f o r  1 min in  a shaking w ater -ba th  with 
var ious  concen t ra t ions  of  CS2 (10 ^ t o  10 ^M), plus 1.5 ymol NADP, 15 ymol 
glucose  6-phosphate ,  2 U glucose  6-phosphate  dehydrogenase, 10 ymol MgClg,
and e i t h e r  25 ymol Tr is  b u f fe r  pH 8.1 f o r  the  biphenyl hydroxylase assay or 
25 nmol of sodium and potassium phosphate b u f fe r  pH 7 .4  f o r  th e  a n i l i n e  
hydroxylase  assay  in  a t o t a l  volume of  2 ml. The CS2 was added as a so n ica ted  
emulsion in  1.15% KC1 con ta in ing  2% v/vTween 80. Following t h i s  per iod  o f  p re ­
in cu b a t io n .  th e  microsomal superna tan t  p re p a ra t io n s  were incubated  with  th e  
biphenyl (3 m o l )  or a n i l i n e  (20 ymol) s u b s t r a t e s  fo r  a f u r t h e r  per iod  o f  10min 
f o r  de te rm ina t ion  o f  mixed-function oxidase  a c t i v i t i e s .  Biphenyl was prepared
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in T .15% KC1 con ta in ing  2% v/v  Tween 80 and sonica ted  (45 s e c ) ,  before  i t s  
a d d i t io n  to th e  incubat ion  mix ture ,  to ensure s o l u b i l i s a t i o n .  The 
f i n a l  c o n ce n t ra t io n s  of  Tween 80 in th e  biphenyl hydroxylase assay  and 
in the  a n i l i n e  hydroxylase assay  were 0.75% v/v  and 0.25% v/v  r e s p e c t i v e l y .
The t o t a l  volume of  incubat ion  mixture  was 2.0 ml f o r  each assay .
Ef fec t  of  Carbon Disulphide  on Microsomal Cytochromes
S im ila r  exper im ents ,  with the  same concen t ra t ion  of c o f a c t o r s ,  
were c a r r i e d  ou t  with a p p ro p r i a t e ly  d i l u t e d  p repa ra t ions  of  th e  
microsomal suspensions  fo r  de te rm ina t ion  of the  in v i t r o  e f f e c t  o f  
C$ 2  on cytochrome P-450 and cytochrome b^. The mixtures  were incubated 
with  C$ 2  f o r  10 min, gassed with Ng f o r  1 min to  remove th e  unreacted 
C$ 2  then with  02 f o r  1 min, before  determining th e  con cen t ra t io n  of 
cytochromes.
Cytochrome P-450 con ten t  was determined using the  method o f  Omura 
and Sato (1964a) ;91 mM*"1 cm™1 was used as  the  e x t in c t io n  c o e f f i c i e n t  
f o r  th e  d i f f e r e n c e  in absorbance between 450 nm and 490 nm f o r  th e  haemo- 
protein-CO complex reduced with sodium d i t h i o n i t e .
The method of  Schenkman, e t  a h  (1967) was used f o r  the  measurement 
of cytochrome bg. The d i f f e r e n c e  spectrum of NADH-reduced haemoprotein 
(0.1 mg/cuvette  con ta in ing  2 mg p ro te in /m l )  was determined a g a i n s t  the  
microsomal suspension with  no a d d i t i o n s .  The e x t in c t i o n  c o e f f i c i e n t  of 
170 mM cm was used f o r  the  d i f f e r e n c e  in absorbance between 410 nm 
and 426 nm.
P r o t e c t iv e  Effect  of  EOTA on Carbon Disulphide D est ruc t ion  of  Microsomal 
Cytochrome
To a s c e r t a i n  the  e f f e c t  o f  a u to x id a t io n /1 ip id  p e ro x id a t io n ,  EDTA 
(TO™3 M), an i n h i b i t o r  o f  l i p i d  peroxida t ion ,w as  added to  the  microsomal
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suspensions ,  which were then incubated to g e th e r  with a NADPH-generating 
system and CSg ( 1 0 ^  to  10’ 3 M) a t  37°C in a i r  f o r  10 min. The OS^ was 
removed with N^, then 0 ^  was added ( a t  4°C) and th e  cytochromes 
determined as p rev ious ly  desc r ibed .
Spectra l  I n t e r a c t io n s  o f  Cytochrome P-450 with Carbon Disulphide
The i n t e r a c t i o n  of  CS^ with  o x id i s ed  cytochrome P-450 was recorded 
a f t e r  a d d i t io n  o f  CS^ (6.7 x 10 3 M or  1 x 10 ^ M) to  the  t e s t  cuv e t t e  
and a s u i t a b l e  volume of  a b so lu te  ethanol in to  th e  re fe re n ce  c u v e t t e ;  
each conta in ing  microsomal p re p a ra t io n s  a t  c o n ce n t ra t io n s  of 2 mg prote in /ml 
in 3 ml o f  0.1M sodium and potassium phosphate b u f f e r  pH 7 .4 .  A f te r  record ing  
the  oxid ised  cytochrome P- 4 5 0 -CS2  d i f f e r e n c e  spectrum, 2 mg sodium d i t h i o n i t e  
was added to  both sample and re fe re n ce  cu v e t t e s  and th e  reduced cytochrome 
P-4 5 O-CS2  d i f f e r e n c e  spectrum was recorded.
The p o s s i b i l i t y  of displacement of the  metyrapone-induced d i f f e r e n c e  
spectrum by CSg was examined. Metyrapone (5 x 10 ^ M) was placed in the  
sample c u v e t t e  and methanol ( so lv en t )  in the  re fe re n ce  c u v e t t e ;  the  
d i f f e r e n c e  spectrum was recorded. Subsequently ,  a d d i t io n s  of CSg of 10,
20, 30, 40, 50 and 60 yl were made to  the  sample c u v e t t e  with the  
corresponding volumes of  0.1 M sodium and potassium phosphate ,  pH 7 .4 ,  
to  the  re fe rence  c u v e t t e .  The d i f f e r e n c e  sp ec t ra  were recorded a f t e r  each 
ad d i t io n .  All d i f f e r e n c e  sp ec t ra  were measured in th e  wavelength reg ion  
of 350-500 nm.
To determine i f  CSg su lphur formed a l igand complex with cytochrome 
P-450 as occurs with s a f r o l e  o r  t h i o l s  (Mansuy, £ t  aj_, 1974; Nasta inczyk,  
e t  aj_, 1976) the  l i v e r  microsomal suspension (5.0 m l ,equ iv .  to  5.0 g l i v e r )  
from r a t s  p r e t r e a t e d  with sodium phenobarbitone  (60 mg/kg per day f o r  
3 days) was incubated with CSg (10 3 M) in th e  presence of NADPH
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(3 x 10"^M) a t  37°C f o r  10 min, and the  u .v .  d i f f e r e n c e  abso rp t ion  
spectrum was measured a g a in s t  the  same incubated microsomal + NADPH 
mixture  without CSg.
P u r i f i e d  cytochrome P-450 was k indly  provided by Dr. G.G. Gibson 
f o r  de te rm ina t ion  of  i n t e r a c t i o n  with CSg and benzphetamine. Cyto­
chrome P-450 was p u r i f i e d  from the  hepat ic  endoplasmic re t icu lum  of 
phenobarb i tone- t rea ted  r a t s  (0.1% w/v  phenobarbitone  in d r ink ing  water 
supp l ied  f o r  6 days) ,  by a m odif ica t ion  of  t h e  method of Guengerich (1978).
The apparen t  sp ec t ra l  d i s s o c i a t i o n  c o n s ta n t  ( K ^ ^ )  and th e  maximal 
absorp t ion  change (AAmax ) ,  analogous to  th e  and Vmax r e s p e c t i v e l y  
of Michael is-Menten enzyme k i n e t i c s , were determined using a double 
r e c ip ro c a l  p lo t  of the  abso r t ion  d i f f e r e n c e s  o f  the  s p e c t r a l  changes 
a g a in s t  the  concen t ra t ion  o f  CS^. The absorbance (AA) was measured 
between 420 nm (t rough) and 385-390 nm (peak).  The l i n e  o f  b e s t  f i t  was 
ob ta ined  using an O l i v e t t i  Programme 101 programmed f o r  l i n e a r  r e g re s s io n  
a n a l y s i s .
All o p t i c a l  absorbance d i f f e r e n c e  spec t ra  were recorded with  a Model 
219 Vartan spectrophotometer with a r e p r o d u c i b i l i t y  of  0.02 nm.
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RESULTS
E f fe c t  o f  Carbon Disulphide on Mixed-Function Oxidase A c t i v i t i e s
The hydroxyla tion of biphenyl ( type I s u b s t r a t e )  and a n i l i n e  
(type II  s u b s t r a t e )  were markedly i n h ib i t e d  by p r i o r  incubat ion  of 
r a t  l i v e r  microsomal p repa ra t ions  with CSg (1.25 x 10  ^ M to  1 x 10 ^M) 
in the  presence of a NADPH-generating system and oxygen (see  Table 1).
Loss of  cytochrome P-450 (measured as the  CO-complex) shows a dosé- 
response  with 20% loss  of cytochrome P-450 a t  10 CSg, 45% lo s s  a t  
10 4 M and 80% loss  a t 5 x 10™^ M. Maximum decrease  in microsomal mixed- 
fu n e t to n  oxidase a c t i v i t y  was achieved fo llowing  10 min incuba t ion  with 
5 x ÎO~4 M CSg, when cytochrome P-450, biphenyl 4-hydroxylase  and a n i l i n e  
hydroxylase were i n h ib i t e d  by 80, 88 and 40% r e s p e c t iv e ly .  Biphenyl
2-hydroxylase which i s  an index of cytochrome P-448 a c t i v i t y  and not c y to ­
chrome P-450, showed no s i g n i f i c a n t  change (Table 1).
At concen t ra t ions  of CS» l e s s  than lO~4M, p re incubat ion  of  r a t  
l i v e r  microsomal p repa ra t ion  with CSg in th e  presence of  NADPH shows an 
in h i b i t i o n  of the  mixed-function oxidase a c t i v i t y  p ropor t iona l  to  th e  
period  of  p re incubat ion  (see Fig.  1) .  Moreover, i n h i b i t i o n  of biphenyl 
and a n i l i n e  hydroxylase a c t i v i t i e s  and the  decrease  in  th e  c o n ce n t ra t io n  
of  cytochrome P-450, do not occur i f  incubat ion  i s  c a r r i e d  out in th e  
absence of NADPH.
P r o te c t iv e  E f fe c t  of EDTA
Addition  of EDTA (10” M) before  incubat ion  of th e  microsomal 
p rep a ra t io n  with CSg prevented the  decrease  in con cen t ra t io n  o f  c y to ­
chrome P-450 observed on incubat ion  with CSg alone (Table 2 ) .  Incuba t ion  
with EDTA on ly ,  r e s u l t e d  in a 50% in c rease  in th e  amount of  cytochrome 
P-450 compared with control  incuba t ions ,  both being in  th e  presence  of
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9 0  ■
j Without p re incubat ion  
j 10 min. p re incubat ion  
j 20 min. p re incubat ion
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70  ■
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— 5 0 — 3*0— 4 5 -  2 0— 4 0 - 3 - 5 -  2-5
Concent ra tion o f  CS^ ( log  sca le )
Figuré 1, E f fe c t  o f  pre incubat ion  of r a t  l i v e r  microsomes with  carbon 
d i su lph ide  on microsomal biphenyl 4-hydroxylase  a c t i v i t y .
Time of p re incuba t ion  o f  microsomes with CSg i s  shown as 
►-*—— 20 min.
0 min,  — — 10 min.
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NADPH. .This  p ro te c t iv e  e f f e c t  of EDTA i s  due presumably to  i n h i b i t i o n  
of spontaneous d e s t r u c t io n  of the  cytochrome by l i p i d  p e rox ida t ion ,  
which occurs with NADPH in v i t r o  in th e  absence of s u b s t r a t e .
No chemical i n t e r a c t io n  occurs between EDTA and CS^. This was 
e s t a b l i s h e d  from the  absorp t ion  spectrum of th e  mixture which showed 
only simple summation of the  two ind iv idua l  component spec t ra  in  the  
u .v .  region (Fig.  2).
Spec tra l  In te r a c t io n s  of Cytochrome P-450 with Carbon Disulphide
The o p t ic a l  d i f f e r en c e  spectrum obta ined by the  i n t e r a c t i o n  of 
cytochrome P-450 in i t s  ox id ised s t a t e  with CSg i s  presented on Fig .  3. 
I t s  c h a r a c t e r  revea ls  the  formation of th e  high spin  enzyme-substra te  
complex with a peak a t  390 nm. The spectrum i s  q u a l i t a t i v e l y  s im i l a r  
f o r  microsomes prepared from e i t h e r  phenobarbitone-  or  3-methyl- 
cho lan threne  p re t rea ted ,  r a t s ,  showing only a small s h i f t  towards the  
longer wavelengths in both peak and trough reg ions  (Table 3 ) .  Reduction 
o f  the  haem iron  in the  above p re p a ra t io n s  r e s u l t e d  in s h i f t i n g  the  
absorbance peak from about 390 nm to  about 430 nm (F igs.  4 and 5).
As inc reas ing  amounts of  CSg were added to  a cytochrome P-450/or  
-448 ~metyrapone l igand complex, a q u a l i t a t i v e  change in th e  abso rp t ion  
sp ec t ra  appeared (Figs .  6, 6a,  7, and 7a) .  N ever the le ss ,  t h i s  small 
s p e c t r a l  change was not s u f f i c i e n t  to  account  f o r  a l igan d - ty p e  binding 
of  C$ 2  moiety to  cytochrome P-450 or P-448, which agrees  well with  the  
r e s u l t s  of the  previous experiment (see  Fig .  3 ) .
The o p t ic a l  d i f f e r en c e  spec t ra  o f  th e  CSg-cytochrome P-450 ( in  i t s  
ox id ised  s t a t e )  i n t e r a c t io n  shows i s o s b e s t i c  p o in t s  a t  404, 395, 378 nm 
( f o r  con t ro l  microsomes and those  from phenobarbitone-  and 3-methyl-
I I_________ I________ J _________ I_________ I—_______ I
2 6 0  2 8 0  3 0 0  3 2 0  3 4 0  3 6 0  3 8 0
W a v e l e n g t h  C n m )
Figure 2. The e f f e c t  of  EDTA on the  u l t r a v i o l e t  absorp t ion  spectrum of  
carbon d fsu lph i  de .
Curve A: the  abso rp t ion  spectrum of CS« (5 x 10 in abso lu te  e thano l )  
measured a g a in s t  ab so lu te  e th an o l .  Curve B: the  absorp t ion  spectrum of  
EDTA (5 x 10 M in a b so lu te  e t h a n o l ) measured a g a in s t  abso lu te  e th an o l .  Curve 
C: the  abso rp t ion  spectrum of CS« (5 x 10 M) plus EDTA (5 x 10 M) measured 
a g a in s t  abso lu te  e thano l .  All sp ec t ra  were recorded a f t e r  3 min temperature  
e q u i l i b r a t i o n .
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Figure  3 , D if ference  s p e c t r a  o f  r a t  l i v e r  microsomes with carbon d i s u l p h i d e .
Ljver microsomel p rep a ra t io n s  from phenobarbi tone- o r  3-methylcholanthrene-  
t r e a t e d  r a t s  were prepared as descr ibed  in  Methods. Each c u v e t t e  con ta ined  
2 mg prote in /ml in 3 ml o f  0.1 M sodium and potassium phosphate b u f f e r ,  pH 7 .4 .  
Curve A: a d d i t io n  to  th e  sample c u v e t t e  of  6.7  x 10 M CS« (1 M s o l u t i o n  in   ^
methanol) f o r  p h enobarb i tone- t rea ted  r a t  l i v e r  microsomes. Curve B: 1 x 10 M 
CS, (1 M s o lu t io n  in methanol) f o r  3 -m e thy lcho lan th rene- t rea ted  r a t  l i v e r  
microsomes. Oxidised s t a t e  -  d i f f e r e n c e  sp ec t ra  were recorded.
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Figure 4. Carbon d i su lph ide  d i f f e r e n c e  spectrum f o r  ox id ised  (curve A) 
and reduced (curve B) cytochrome P-450 from microsomes of phenobarbitone- 
t r e a t e d  r a t s .
For d e t a i l s  of de te rm ina t ion  of ox id ised  spectrum, see Fig .  3. A f te r  th e  
ox id ised  cytochrome P-450/CS? spectrum was recorded , 2 mg of  sodium d i t h i o n i t e  
was added to  both cu ve t tes  and the  reduced cytochrome P-45O/CS^ spectrum was 
determined.
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Figuré  5. Carbon d isu lph ide  d i f f e r e n c e  spectrum f o r  ox id ised  (curve A)
and reduced (curve B) cytochrome P-450 from microsomes of  3 -m ethy lcho lan threne-
t r e a t e d  r a t s .
Fu r the r  experimental  d e t a i l s  a re  given in the  legend to  Figure 4.
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Figure 6. E f fec t  of in c reas in g  co n cen t ra t ions  of carbon d i s u lp h id e  on the  
metyrapone-induced d i f f e r e n c e  spectrum of  ox id ised  l i v e r  microsomes from 
phenobarb i tone- t rea ted  r a t s .
Each cuvet te  conta ined 2 mg o f  microsomal pro te in /ml  in 3 ml of 0.1 M sodium 
and potassium phosphate b u f f e r ,  pH 7 .4 .  Curve A: 5 iiM metyrapone 
(10 M so lu t io n  in methanol) in the  sample c u v e t t e .  Curves B,C,D,E,F,G, 
the  s ix  sp ec t ra  correspond to  subsequent a d d i t io n s  of 10 ,20 ,30 ,40 ,50  and 
60 yl of pure CS^ to  the  sample cu ve t te .
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Figuré 5 a , E f fec t  of inc reas ing  co n cen t ra t ions  of  carbon d i su lp h id e  on the  
rnetyrapone^tnduced d i f f e r e n c e  spectrum of  ox id ised  l i v e r  microsomes from 
phenobarb i tone- t rea ted  r a t s .
All experimental  d e t a i l s  a re  the  same as given in the  legend to  Figure  6,  
but only curves A and G a re  drawn.
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Figure 7. E f fe c t  of inc reas ing  con cen t ra t io n s  o f  carbon d isu lph ide  on the  
metyrapone-induced d i f f e r en c e  spectrum of  ox id ised  l i v e r  microsomes from 
3-methy1c h o la n th re n e - t r e a te d  r a t s .
All exper imental  d e t a i l s  a re  the  same as given in th e  legend to  Figure  6.
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Figure 7a. E f fec t  of inc reas ing  co n cen t ra t ions  of  carbon d i s u lp h id e  on 
the  metyrapone-tnduced d i f f e r e n c e  spectrum of  ox id ised  l i v e r  microsomes from
3 -m ethy lcho lan th rene- t rea ted  r a t s .
All experimental d e t a i l s  are  the  same as given in the  legend to  F igure  6 ,  but 
only curves A and G are  drawn.
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ch o lan th ren e - t r ea te d  animals r e s p e c t iv e ly )  and 440 nm ( fo r  a l l  types  
of microsomes) (Figures 8 ,  9, 10) in d ic a t in g  t h a t  the  d i f f e r e n c e  
spec t ra  can be a t t r i b u t e d  to  a uniform r e a c t io n .
The apparent d i s s o c i a t i o n  c o n s ta n t  obtained from th e  binding 
s tu d ie s  of C$ 2  with microsomes from c o n t r o l , phenobarbitone- or
3-m e thy lcho lan th rene-p re t rea ted  r a t s  a re  l i s t e d  in Table 4. The 
value of the  apparen t d i s s o c i a t i o n  c o n s ta n t  was markedly a f f e c t e d  
by the  presence of Tween 80.
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Figure 8 . Dif ference  spec t ra  obta ined from contro l  r a t  l i v e r  microsomes 
by t i t r a t i o n  with carbon d i s u l p h i d e .
Each c u v e t t e  conta ined  2 mg microsomal pro te in /ml  in 3 ml 0.1 M sodium and 
potassium phosphate b u f f e r ,  pH 7.4.-, The curves correspond to  Z .5,  4 ,6 ,8  
and 10 yl ad d i t io n s  of  CS^ (1 x 10*" M son ica ted  suspension in  1.15% KCl/2% 
Tween 80) to  the  sample c u v e t t e  and equal amounts of so lven t  to  the  r e fe re n ce  
c u v e t t e .
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Figure 9 . D if ference  sp ec t ra  obta ined  from p h en obarb i tone- t rea ted  r a t  l i v e r  
microsomes by t i t r a t i o n  with carbon d i s u l p h i d e .
Each cuve t t e  conta ined 2 mg pro te in /ml  in  3 ml 0.1 M sodium and potassium 
phosphate b u f f e r ,  pH 7 . 4 . ,  The curves correspond to  2 , 4 , 6 ,  10 and 15 yl 
a d d i t io n s  of CS^ (1 x 10" M son ica ted  suspension in 1.15% KCl/2% Tween 80) 
to  the  sample cuve t t e  and equal amounts of  so lv e n t  to  the  re fe rence  c u v e t t e .
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Figure 10. D ifference  sp ec t ra  obta ined  from 3 -m e th y lch o lan th ren e - t r ea ted  r a t  
l i v e r  microsomes by t i t r a t i o n  with carbon d i s u l p h i d e .
Each c u v e t t e  contained 2 mg pro te in /ml in 3 ml 0.1 M sodium and potassium 
phosphate b u f f e r ,  pH'7.4.-, The curves correspond to ” 2, 4,  6,  10 and 15 yl 
ad d i t io n s  o f  CSp (1 x 10 M son ica ted  suspension in 1.15% KCl/2% Tween 80) 
to  the  sample cuve t te  and equal amounts of so lv en t  to  the  re fe re n ce  c u v e t t e .
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Figure  11 . D ifference  spectrum o f  a p u r i f i e d  p rep a ra t io n  o f  cytochrome
P-450 with  CS? . Each cuve t te  conta ined  p u r i f i e d  cytochrome P-450 (1 .5  yM) 
in 3 ml o f  0.05 M potassium phosphate b u f f e r ,  pH 7.25 and 20% (v /v )  g l y c e r o l .  
Curve A: add i t io n  to  the sample cuve t te  o f  2 x 10“ M CSp (6 pi o f  1 M 
so lu t io n  in  methanol) .  Curve B: 3 x 10*" M CS9 ( a f t e r  subsequent a d d i t i o n  
of  5 yl o f  pure CS2) .
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Figure 12. D if ference  spectrum o f  a p u r i f i e d  p repa ra t ion  o f  cytochrome
P-450 with  benzphetamine. Each cuvet te  contained p u r i f i e d  cytochrome 
P-450 (175 pM) in 3 ml o f  0.05 M potassium phosphate b u f f e r ,  pH 7.25 and 
20% (v/v) g l y c e r o l .  Benzphetamine concen tra t ion  added in to  the  sample 
cuve t te  was 1.5  x 10 M.
- 84 -
DISCUSSION
Although, thanks l a r g e l y  to  the  work of De Matte ls  (Bond and 
De M at te is ,  1969; Bond, e t  a L  1969; De Mattel's and Seawright,  1973;
De M at te is ,  1974; J a r v i s a l o ,  e t  aj_, 1978) and Neal (D a lv i , e t  a l ,
1974; Norman,e t  a l ,  1974; D a lv i ,  e t  aj_, 1975; Hunter and Neal,  1975; 
Catignam’ and Neal,  1975; Neal, e t  aj_, 1976; Dalvi and Neal,  1977). 
cons ide rab le  progress  has been made in our unders tanding of  th e  
hep a to to x ic i t y  of carbon d i s u lp h id e ,  and of  th e  th iocarbonyl  and 
thiophosphony! compounds, t h e r e  a re  s t i l l  severa l  problems remaining.  
The major ones involve th e  n a tu re  of the  i n t e r a c t i o n  of sulphene 
sulphur with cytochrome P-450 and with a l l  the  consequences to  the  
microsomal membranes, th e  hepatocyte  and to  the  l i v e r .
E f fec t  of Carbon Disulphide on Mixed-Function Oxidase and Components 
of the  Microsomal Elec tron  T rans fe r  A c t i v i t i e s
In the  p resen t  s tu d ie s  we have shown t h a t  CS^ (10 ^ t o  10 ^ M)
causes the  dose-dependent loss  of cytochrome P-450 in v i t r o , and a l so
leads to the  i n h i b i t i o n  of mixed-function ox ida t ion  of  both type I 
(biphenyl) and type II  ( a n i l i n e )  s u b s t r a t e s  (Table 1) ;  c o n ce n t r a t io n s
of C$ 2  g r e a t e r  than 2.5 x 10 M did not r e s u l t  in any f u r t h e r  lo s s
of a c t i v i t y .
Our r e s u l t s  agree with previous  f in d in g s  on th e  CSg-induced lo s s  
of both cytochrome P-450 and mixed-function oxidases  a c t i v i t y ,  in  vivo 
and in v i t r o , (Bond and De M at te i s ,  1969; Freundt and Dreher ,  1969; 
Sokal,  1973; Hunter and Neal, 1975; J a r v i s a l o ,  e t  1977a;Obrebska
e t  al_, 1980). Cytochrome bg (Bond and De M a t t e i s ,  1969; S o k a l , 1973; 
J a r v i s a l o  and Vainio ,  1978; Obrebska,  e t  aj_, 1980), NADPH cytochrome c
- 8 5  -
reduc tase  (Sokal , 1973; Obrebska,  e t  aj_, 1980) and epoxide hydra tase  
(Jc l rv isa lo ,  e t  al_, 1977a)were not a f f e c t e d  by exposure to  CSg. In 
c o n t r a s t ,  some enzymic a c t i v i t i e s  w i th in  the  microsomal membranes are  
even enhanced by t rea tm en t  with CS^ such as the  inc rease  in NADH 
cytochrome c reduc tase  (Sokal ,  1973), UDP-glucuronyl transferase  
( J â r v i s a l o ,  e t  a%, 1977a and b; Jc lrv isa lo  and Vainio ,  1978; Jclrv isa lo  e t  a l , 
1979) and haem oxygenase (Jc l rv isa lo ,  e t  a L  1978; Jclrvisa lo  and Vainio ,
1978). In a d d i t i o n ,  l i v e r  microsomes of r a t s ,  t r e a t e d  in vivo with CSg, 
o x id i s e  NADH ( in  v i t r o ) to  a l a r g e r  e x te n t  than do microsomes from 
con t ro l  r a t s ,  without any s i g n i f i c a n t  e f f e c t  on NADPH ox ida t ion  (Sokal , 
e t  al_. unpublished o b se r v a t io n s ) .  The changes descr ibed  above a re  not 
conf ined t o  a s in g l e  l o c u s , but spread w i th in  the  microsomal membrane.
They r e s u l t  e i t h e r  from a d i r e c t  damaging process due to  CS^ i t s e l f  
( l i k e  i n h i b i t i o n  of cytochrome P-450),  or  they  a re  a secondary response 
to  the  damage ( l i k e  in c rease  in UDP-glucuronyl transfe rase  or  haem 
oxygenase a c t i v i t i e s ) .
The p resen t  work shows t h a t  in v i t r o  i n h i b i t i o n  of biphenyl 
4~hydroxyl a t i o n  (type  I s u b s t r a t e )  p a r a l l e l s  the  r e l a t i v e  decrease  
(percentage of c o n t r o l )  in cytochrome P-450 c oncen t ra t ion  which i s  p ropo r t iona l  
to  the  C$ 2  c o n ce n t r a t io n s .  This i s  not t r u e  f o r  a n i l i n e  p -hydroxyla t ion  
( type II  s u b s t r a t e )  which i s  in h ib i t e d  t o  a l e s s e r  e x te n t  (Table ! ) .
These r e s u l t s ,  and th e  r e s u l t s  f o r  CS^ binding to  cytochrome P-450, 
i n d i c a t e  t h a t ,  in the  f i r s t  i n s t a n c e ,  compet it ion  occurs between CSg 
and biphenyl ( type I s i t e )  or a n i l i n e  (type  II  s i t e ) ,  with a sm al le r  
e f f e c t  f o r  the  l a t t e r ,  r e s u l t i n g  in a dose-dependent lo s s  of  hydroxyla ting  
a c t i v i t y  towards these  s u b s t r a t e s .  A s i m i l a r  assumption has been suggested 
by Kromer and Freundt (1970),  who were a b le  to  abo l i sh  the  CSg-induced 
i n h i b i t i o n  of  microsomal enzymes in v i t r o  by e l im in a t io n  o f  th e  CSg with 
a purge of helium gas.  Subsequently ,  the  metabolism of CS^ r e s u l t i n g  in 
th e  g enera t ion  of h ighly  r e a c t iv e  spec ie s  i . e .  carbonyl su lphide
- 8 6  -
and atomic sulphene su lphur ,  i n i t i a t e s  the  damaging process  to  the  
microsomal membrane. The r e v e r s i b l e  phase of i n h i b i t i o n  i s  probably 
r e s t r i c t e d  to  th e  i n i t i a l  i n t e r a c t i o n  o f  CSg with microsomal membranes 
and fs  due to  the  h igher a f f i n i t y  of CSg t o  cytochrome P-450 compared with 
many o th e r  s u b s t r a t e s .
Spec tra l  I n t e r a c t i o n  of Carbon Disulphide with  Cytochrome P-450
Examination of  the  i n t e r a c t i o n  of carbon d i su lp h id e  with l i v e r  
microsomal cytochrome P-450 in v i t r o  shows a type I s p e c t r a l  change 
in d ic a t in g  a ty p ic a l  enzyme-substra te  i n t e r a c t i o n  (Fig.  3 ) .  This 
was not unexpected as th e  s t rong  l i p o p h i l i c i t y  of CSg would f a c i l i t a t e  
i t s  i n t e r a c t i o n  with the  hydrophobic a c t i v e  s i t e  of cytochrome P-450. 
C o r re la t io n  between the hydrophobic ity  of a s u b s t r a t e  and the  apparen t  
d i s s o c i a t i o n  cons tan t  (Ksa^^) with cytochrome P-450 has been repor ted  
( G i l l e t t e ,  1965; Orren ius ,  e t  £ [ .  1972; Bickel and S t e e l e , 1974; Si t a r  
and Mannering, 1977), Pa r ry ,  e t  aj_, (1976),  A1-Gailany, e t  a L  (1974), 
and Cohen and Mannering (1973) have shown t h a t  th e  binding a f f i n i t y  of 
a given s u b s t r a t e  to  cytochrome P-450 i s  r e l a t e d  t o  i t s  s o l u b i l i t y  
(Kp, p a r t i t i o n  c o e f f i c i e n t )  in the  microsomal membrane. The importance 
o f  th e  membrane l i p i d s  f o r  CS^ binding to  cytochrome P-450 has been shown, 
in t h a t  s o l u b i l i s e d ,  p u r i f i e d  cytochrome P-450, con ta in ing  no l i p i d  
component, produced a t y p ic a l  type I ab so rp t ion  spectrum with benzphetamine,  
but dfd not r e s u l t  in any measurable s p e c t r a l  change with CS^ (F igs .  11 and 12).
The f i r s t  s tep  of microsomal mixed-function  ox ida t ion  i s  the  binding 
of th e  s u b s t r a t e  to  cytochrome P-450, which i s  a s s o c ia te d  with s p e c t r a l  
changes and th e r e f o r e  may be considered as evidence f o r  th e  fo rmation  o f  
an enzyme-substra te  complex (Schenkman, e t  al_, 1967). The v a s t  m a jo r i ty  
of s u b s t r a t e s  of cytochrome P-450 produce a type I sp e c t r a l  change
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c h a r a c te r i s e d  by an absorbance maximum a t  387 nm and a minimum a t  
420 nm, due to  a change to  a high spin  5 co -o rd in a te  complex.
An exception to  t h i s  ru l e  i s  seen with a n i l i n e ,  a type  II
s u b s t r a t e  (Schenkman, e t  aj_, 1967),  which i n t e r a c t s  d i r e c t l y  with the
haem a t  th e  s i x t h  l igand p o s i t i o n .  Formation of the  cy tochrom e-subs tra te
complex (type I change) i s  accompanied by a low sp in  to  high spin
conversion of the  haem i r o n ,  which i s  d e t e c t a b l e  by sp e c t r a l  in c reases  of
peak- to- t rough  he igh t  and a l so  by the  m odif ica t ions  of th e  e l e c t r o n  spin
resonance (ESR) s igna l  c h a r a c t e r i s t i c s  o f  cytochrome P-450 (H i ldebrand t ,
e t  al_, 1968; J e f c o a t e ,  e t  al_, 1969; Estabrook,  e t  a L  1968; Schenkman,
e t  a l , 1967).
The type I sp ec t r a l  change due to  carbon d i su lp h id e  was q u a l i t a t i v e l y  
s im i l a r  whether the  microsomes were obtained from con t ro l  r a t s  or from 
r a t s  p r e t r e a t e d  with phenobarbitone or 3-methylcholanthrene  (Figs 3 -5 ) .  
The magnitude of th e  absorp t ion  peaks increased  in  the  o rde r :  con t ro l  < 
3-methylcholanthrene- < phenobarb i tone- t rea ted  r a t s  which r e f l e c t s  th e  
ex ten t s  of induced syn th es i s  of cytochrome P-450. A second f a c t o r  
c o n t r ib u t in g  to  t h i s  i s  the  q u a l i t a t i v e  change in  the  cytochrome a f t e r  
3-methylcholanthrene t rea tm en t .  The wavelength of th e  reduced cytochrome 
 ^ carbon monoxide complex s h i f t s  to  the  lower wavelength of 448 nm and 
t h e r e  i s  g r e a t e r  p ropor t ion  of  high spin  cytochrome p re s en t .  I t  has 
been shown t h a t  the  g r e a t e r  the  amount of high spin cytochrome P-450 i ron  
in  vivo a t  the  s t a r t  of  exper iment,  t h e  l e s s e r  th e  peak- to - t rough  s p e c t r a l  
h e igh t  produced by pure type I s u b s t r a t e  added in v i t r o  (Kumaki, e t  a l ,
1978), The peak- to - t rough  sp e c t r a l  r e s u l t s  of the  p resen t  work agree  well 
with  da ta  repor ted  by S te rn ,  e t  al_, (1973) who es timated  t h a t  r a t  l i v e r  
conta ined  5.7% of thé  high spin  form in con t ro l  microsomes, 2.4% high 
sp in  a f t e r  phenobarbitone and 13% a f t e r  3-methylcholanth rene.
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I t  has long been app rec ia ted  t h a t  the  type  I sp ec t ra l  changes a re  
c lo se ly  a s so c ia te d  with the  metabolism of type I s u b s t r a t e s ,  as shown 
by the  s i m i l a r i t y  of the  Michael i s  cons tan t  (Km) with th e  s p e c t r a l  
apparent d i s s o c i a t i o n  cons tan t  (Ksa ^^) (Schenkman e t  al_, 1967;
Schenkman, 1970). Also the  r a t e  of drug metabolism (Jansson,  e t  a%,
1972) and th e  reduc t ion  of  cytochrome P-450 (D ieh l , e t  al_, 1970) 
c o r r e l a t e  with the  magnitude of  the  sp e c t r a l  changes.  The apparen t  
d i s s o c i a t i o n  cons tan ts  (K$app) f o r  th e  i n t e r a c t i o n  o f  r a t  l i v e r  
microsomes with CS2 (Table 4) show (from n o n - l i n e a r i t y  of the  double 
r e c ip ro c a l  p l o t ) ,  d i s t i n c t  bimodal c h a r a c t e r i s t i c s  with two Kg values  
r ep re sen t in g  low and high a f f i n i t y  s i t e s .  This implies e i t h e r  th e  
presence of  more than one cytochrome P-450 type 1 binding s i t e  ( the  
number of p o te n t i a l  binding s i t e s  capable  o f  producing a type  I spectrum 
remains u n c e r t a i n ) , or a heterogeneous subpopulat ion of cytochrome P-450 
in r a t  l i v e r  microsomes (the  d i f f e r e n t  a f f i n i t i e s  could de r iv e  from 
binding to  various  cytochrome P-450 s p e c ie s ) .
Following a d d i t io n  of sodium d i t h i o n i t e  t o  both c u v e t t e s  with  CS2 
( s a tu ra te d )  in the  t e s t  c u v e t t e  a new spectrum developed having, a Sore t  
band a t  432 nm with l i v e r  microsomes from phén o b arb i ta l - t r e a t e d  r a t s ,  
and a t  422 nm with microsomes from 3-m e thy lcho lan th rene - t rea ted  r a t s
P i
( F i g s .4 and 5).  Cytochrome P-450 (Fe ) forms l igand  complexes with  a
number of  compounds, such as t h i o l s ,  p y r id i n e s ,  im idazo les ,  carbenes
and c a r b an io n s , which have a Sore t  abso rp t ion  band a t  449 nm, whereas in
the  f e r r i c  s t a t e  the  l igand complexes have abso rp t ion  bands a t  420-470 nm
(U l l r ich  and Schnabel, 1973a;Nastainczyk,  e t  a h  1975; Nasta inczyk ,  e t  al_,
2 +1976).  The d i f f e r e n c e  in abso rp t ion  maxima between the  P-450 (Fe ) -
CS i n t e r a c t i o n  complex and th e  cytochrome P-450 l igand  complexes i n d i c a t e s  
2
a d i f f e r e n t  form of i n t e r a c t i o n  between cytochrome P-450 and CSg.
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The rap id  ad d i t io n  of carbon d i su lp h id e  (10 M) evokes a pure 
type  I absorp t ion  spectrum (Fig.  3 ) ,  while  t i t r a t i o n  with CSg, as used 
f o r  Ksapp de te rm ina t ion ,  produces sp ec t ra  with absorp t ion  bands a t  
about 385 nm and 445-460 nm (Figs 8 ,  9 and 10),  which bear general  
resemblance to  oxid ised  cytochrome P-450- th io l  i n t e r a c t i o n s  (Nastainczyk, 
e t  a L  1976). I t  has been p o s tu la ted  t h a t  t h i o l s  and organic su lphides  
i n t e r a c t  with the  hydrophobic s i t e  of  the  apoenzyme and s imultaneously  form 
an i ro n - su lp h u r  l inkage with the  haem i ron  (Nastainczyk,  e t  a%, 1975 and
1976), and the  r e l a t i v e  f r e e  energy changes of l igand and s u b s t r a t e  
bindings would determine which s p e c t r a l  change predominates.  The CS2 
su lphur binding to haem i ron  would be a weak type of binding and of 
secondary importance.  However, f a c t o r s  such as pH, tempera ture ,  or 
he te rogene i ty  of  th e  cytochrome P-450 s p e c i e s ,  may in f luence  th e  r a t i o  
o f  th e  two s i t e s  involved in C$2 binding .
The CS2 binding s i t e  of  cytochrome P-450 was a l so  s tud ied  with 
metyrapone. The oxid ised  haemochromogen-1ike spectrum of metyrapone 
and cytochrome P-450, with a peak of 424 nm and a trough a t  390 nm was 
s i g n i f i c a n t l y  modified by subsequent t i t r a t i o n  with C$2 (Figs 6 and 7) .  
With "phenobarbitone11 microsomes CS2 formed a type I spectrum with a 
maximum a t  396 nm ( rep lac ing  th e  trough a t  390 nm) and th e  metyrapone- 
tnduced band a t  424 nm was s h i f t e d  to  430 nm. With "3-methylcholanthrene"  
microsomes a s im i l a r  s h i f t  from 424 nm to  432 nm was observed. Both 
"phenobarbitone" and "3-methylcholanthrene"  microsomes produced a trough 
a t  412-413 nm a f t e r  a d d i t io n  of C$2 (Figs 6a and 7a) .  Thus p a r t  of  the  
new spectrum re p re se n ts  i n t e r a c t i o n  of CS2 with a hydrophobic s i t e  ( type  
I absorp t ion  spectrum) which i s  more pronounced with "phenobarbitone" 
microsomes than with "3-methylcholanthrene"  microsomes. Another p a r t  
o f  th e  new spectrum probably r e p re se n t s  the  format ion of a new l igand
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spectrum with CSg, d i sp lac ing  th e  metyrapone l igand spectrum. Moreover, 
i t  would seem t h a t  with "phenobarbitone" microsomes some low spin  
cytochrome remained a v a i l a b l e  f o r  hydrophobic i n t e r a c t i o n  with CSg 
(396 nm abso rp t ion  band), in c o n t r a s t  with "3-methylcholanthrene"  
microsomes which did not so markedly show t h i s  type of s p ec t r a l  change.
The s h i f t  o f  th e  metyrapone abso rp t ion  band from 424 nm to  about 430 nm 
by a d d i t io n  o f  CS^ suggests  a g r e a t e r  l igand f i e l d  s t r e n g th  of i n t e r ­
a c t i o n ,  which would enable to  d i s p l a c e  metyrapone. The magnitude 
of  the  peak (430 nm) to  trough (412 nm) i s  much higher with "3-methyl­
cholanthrene"  microsomes than with "phenobarbitone" microsomes, in d i c a t in g  
t h a t  CSg may i n t e r a c t  a t  th e  type I o r  type  II  s i t e s  with "phenobarbitone" 
microsomes, but only a t  the  type II  s i t e  ( l igand  o f  the  S to  haem i ron)  
with "methylcholanthrene" microsomes.
E f fec t  oh the  D est ruc t ion  of Cytochrome P-450
I t  i s  now g e n e ra l ly  agreed t h a t  as the  r e a c t i v e  in te rm ed ia tes  of the  
o x id a t iv e  metabolism of CSg ( i . e .  carbonyl su lphide  and sulphene) 
a re  formed, th e  process of damage to  th e  microsomal membrane begins .  The 
c r i t i c a l  e ven t ,  both in v i t r o  and in  v i v o , i s  the  binding o f  th e  sulphene 
atom to  microsomal p ro te in s  (De M a t t e i s ,  1974; Dalv i,  e t  a]_, 1974 and 1975; 
J S r v i s a l o ,  e t  aj_, 1977a). Fur ther  i n v e s t i g a t i o n s  in d i c a t e  t h a t  t h i s  to x ic  
e n t i t y  ( S : ) i s  confined to  the  locus of  i t s  produc t ion ,  as i t  binds 
e x c lu s iv e ly  to  cytochrome P-450 (immunological i d e n t i f i c a t i o n  by N ea l , e t  a l , 
1976; polyacrylamide gel e l e c t r o p h o r e s i s  by Savola inen, e t  aj_, 1977). The 
most probable  s i t e  of a t t a c k  of  th e  s t ro n g ly  e l e c t r o p h i l i c  sulphene has 
been suggested t o  be the  n u c leo p h i l i c  sulphydryl group of  c y s te in e  with  the
subsequent format ion of  hydrodisulphide  (Fe-S-S-Cys-) .  As a consequence,  
mixed-function oxidase  a c t i v i t y  is  i n h i b i t e d ,  in an i r r e v e r s i b l e  manner.
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From EPR s tu d ie s  of  the  s t r u c t u r e  o f  low spin f e r r i c  cytochrome 
P-450 i t  is  suggested t h a t  the  haem moiety has imidazole ( h i s t i d i n e )  as 
the  s ix th  l ig an d ,  t rans  to  a su lphur  atom (cy s te in e )  which forms the  
f i f t h  l igand (Chevion, e t  j ü ,  1977); more r e c e n t ly  Kumaki and Nebert  
(1978) have proposed t h a t  the  s ix th  l igand i s  a hydroxyl group. The 
imidazole  can be d isp laced  in the  f e r r i c  p ro te in  by cyanide o r  an amine 
( t y p e I I  binding compounds) analogous to i t s  displacement  by CO o r  NO in 
the  fe r rous  p ro te in .  I t  has been f u r t h e r  suggested t h a t  in  the  presence  
o f  s u b s t r a t e ,  by which th e  cytochrome i s  conver ted to the  high sp in  form,
Og d isp lace s  the  su lphur l igand and br idges  the  haem i ron  and th e  cy s te in e  
su lphur  atom (Chevion, e t  £]_, 1977).  The manner o f  dioxygen binding 
proposed by Chevion, e t  aT_ (1977) was l a t e r  c r i t i c i s e d  (Ruf and Wende,
1977) a f t e r  i t  was shown t j ia t  the  model used in  the se  s tu d ie s  was not a 
t r u e  mercaptide fe r rous  dioxygen haem which has been claimed by Chevion, 
e t  aT, (1977).
Although the  f in a l  s t r u c t u r e  o f  the  cytochrome P-450 a c t i v e  s i t e  has 
not y e t  been decided,  the  most up to  da te  s tu d ie s  by Dus (1982) answered 
many ques t ions  about the  l o c a t i o n ,  s i z e ,  geometry and o th e r  general  char­
a c t e r i s t i c s  o f  the  haem pocket .  The model o f  the  a c t i v e  s i t e  o f  cytochrome 
P-450cam suggested by Dus (1982) accommodates two r e a c t i v e  and s p e c t r a l l y  
responsive  cys te ine  res idues  loca ted  w i th in .  This model i s  c o n s i s t e n t  with  
the  presence o f  imidazole ( in t e rchangeab le  with  dioxygen a f t e r  the  r e d u c t io n  
o f  haem) as the  s ix th  l igand t r a n s  to  a su lphur  atom o f  c y s te in e  a t  th e  f i f t h  
coord ina t ion  p o s i t io n  o f  i ro n .  The add i t io n a l  cys te in e  p re sen t  in th e  haem 
pocket,  but not involved in the  binding to  th e  haem, i s  proposed to  be engaged 
in the  binding o f  the  s u b s t r a t e .
In a genera l i sed  hypo thes i s ,  U l l r i c h  has suggested t h a t  r e a c t i v e  l i p o ­
p h i l i c  m e tabo l i te s  conta in ing  atoms with  f r e e  e l e c t r o n  p a i r s ,  such as 
carbanions (U l l r i ch  and Schnabel ,1973a,b)carbenes  (Mansuy, e t  £l_, 1974b) and 
t h io e th e r s  (Nastainczyk, e t  j ü ,  1975) d i sp la ce  th e  na tu ra l  s i x th  l i g a n d ,  and 
form highly  e f f i c i e n t  i n h i b i t o r s  o f  microsomal ox id a t io n .  More r e c e n t l y ,  i t  
has been shown t h a t  l i p o p h i l i c  t h io l  compounds ( o c t a n e t h i o l , b e n z e n e t h i o l , 
e t c . )  bind s t ro n g ly  to  cytochrome P-450 by the  formation o f  th e  c o o rd in a te  
Fe-S bond (Nastainczyk, e t  al_, 1976). These th io l  complexes o f  cytochrome 
P-450 consequently have two su lphur l ig a n d s .
I t  i s  tempting to sugges t  t h a t  th e  sulphene r e s u l t i n g  from the  de- 
su lp h u ra t io n  o f  CS2 is involved in a l igand  to  th e  haem Fe o f  th e  cy to ­
chrome P-450 in a manner analogous to  oxene in  the  a c t i v a t e d  oxygen complex.
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r e s u l t i n g  in loss  o f  mixed func t ion  oxidase  a c t i v i t y .  I f  S i s  t r a n s f e r r e d  
from C$ 2  to cytochrome P-450 as the  r e s u l t  o f  exchange with  oxygen, i t  
would be expected to  become cova len t ly  bound near to  the  s i t e  o f  a t tachment 
o f  the  molecular Og. This would subsequently  i n t e r f e r e  with  the  b inding  
o f  molecular 0 ^  to  the  cytochrome and would i n h i b i t  i t s  mixed-func t ion  
oxidase  a c t i v i t y .  I t  might a l so  account f o r  the  p r o t e c t i v e  e f f e c t s  o f  
c y s te in e ,  g lu ta th io n e  and d i t h i o t h r e i t o l  observed by Morel l i  and 
Nakatsugawa (1978).
P a ra l l e l  with the  i r r e v e r s i b l e  lo ss  o f  mixed-function oxidase  
a c t i v i t y ,  the  d e s t r u c t i v e  process involves  the cytochrome P-450 i t s e l f .
I t  can be assumed t h a t  the  au to x id a t iv e  changes take  place  through the  
genera t ion  o f  a cascade o f  r a d i c a l s  (superoxide  a n io n s , hydroxyl r a d i c a l s ,  
e t c . ) .  S tudies  in vivo but not in v i t r o  showed d é n a tu r a t i o n  o f  
cytochrome P-450 to  cytochrome P-420 (Obrebska, e t  af[, 1980; Bond and 
De M at te i s ,  1969).  The l e s i o n  in the  apoenzyme o f  cytochrome P-450 
(N eal , e t  a]_, 1976; Savola inen , e t  aT, 1977) causes lo s s  o f  haem from 
the microsomes and a lso  p reven ts  inco rp o ra t io n  o f  newly syn th es ized  haem 
in to  microsomal membranes. Consequently,  the  pool o f  f r e e  r e g u la to ry  haem 
i s  increased in s i z e  and microsomal haem oxygenase i s  induced (Jc l rv isa lo  
and Vainio ,  1978). S t im u la t ion  o f  l i v e r  haem oxygenase was a l so  repo r ted  
fol lowing the  a d m in is t r a t io n  o f  di phenylphosphorothi  o n a t e , pento tha l  and 
phenyl t h io u r e a ,  whereas the  oxygen-conta in ing analogues o f  th e se  drugs were 
in a c t iv e  ( J â r v i s a l o ,  e t  a l , 1978). The b i l i r u b i n  re leased  dur ing  
degradation  o f  the  haem i s  removed from the  l i v e r  by g lucuron ic  ac id  
conjugat ion which i s  enhanced by CSg exposure (Jclrvisalo and Vain io ,  1978).
The d e s t r u c t i o n  of  cytochrome P-450 p a r a l l e l s  th e  l i p i d  p e ro x id a t io n  
(a u to x id a t iv e  damage) w i th in  the  membrane. In our s t u d i e s , we have found 
t h a t  add i t io n  o f  EDTA prevents  the  loss  o f  cytochrome P-450 due to  CSg 
in v i t r o  (Table 2 ) .  This i n d ic a te s  t h a t  the  d e s t r u c t i o n  o f  cytochrome
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p-450 i s  due to  l i p i d  pe rox ida t ion  s ince  Levin, e t  al_. (1973) showed 
t h a t  cataboli sm of haem and d e s t r u c t i o n  of  cytochrome P-450 r e s u l t i n g  
from l i p i d  pe rox ida t ion  were prevented by a d d i t io n  of EDTA. As i t  i s  
common p r a c t i c e  to  add EDTA to  l i v e r  microsomal in cubat ion  mixtures 
(De M a t t e i s , 1974),  t h i s  may account f o r  some of the  va r ied  r e s u l t s  observed 
with s tu d ie s  on CSg.
Recent in v e s t ig a t i o n s  (Jclrv isalo and Vain io ,  1978; J & rv i s a lo ,  e t  a l ,
1979) support  our hypo thes i s ,  as increased  diene con juga t ion  and enhanced
UDP-glucuronylt ransferase  a c t i v i t y  were d e tec ted  following CSg-phenobarbitone
t rea tm en t .  Both parameters a re  good in d i c a to r s  of  the  p e rox ida t ion  of
microsomal l i p i d s .  I t  i s  be lieved t h a t  a c t i v a t i o n  of UDP-glucuronyl-
t r a n s f e r a s e ,  an enzyme buried deeply w i th in  the  l i p i d s  of  the  endoplasmic
re t icu lum i s  caused by d i s i n t e g r a t i o n  of th e  membrane s t r u c t u r e  due to
l i p i d  pe rox ida t ion  (Jc l rv isa lo ,  e t  aj_, 1979). At p r e s e n t ,  th e  d i r e c t  f a c t o r
i n i t i a t i n g  pe ro x id a t iv e  changes with in  the  membrane l i p i d s  i s  not known.
De Matteis  (1978) and J d r v i s a l o ,  e t  al_. (1979) sugges t  t h a t  t h i s  f a c t o r
+3could be the  degradat ion  product of haem (e .g .  Fe ) o r ,  con v er se ly ,  l i p i d  
pe rox ida t ion  i n i t i a t e s  the  degradat ion  of haem. A l t e r n a t i v e l y ,  we be l iev e  
th ^ t  the  su lphur bound cova len t ly  to  the  cytochrome P-450 may swi tch on the 
genera t ion  of oxygen r a d i c a l s  (superoxy an ion ,  hydroxyl r a d i c a l s )  and lead 
to  o x id a t io n /p e ro x id a t io n  of the  microsomal l i p i d s  r e s u l t i n g  in  membrane 
damage.
F i n a l l y ,  membrane r e p a i r  and r eg en e ra t io n  processes  t ake  p lace  and 
even tua l ly  p reva i l  over  c a t a b o l i c  changes.  Increased in c o rp o ra t io n  of 
ami no ac ids  by microsomal p r o t e i n s , and enhanced RNA s y n th e s i s  (Bond 
and De M a t t e i s , 1969; Jc l rv isa lo ,  e t  al_, 1977b) occu r r in g  in p a r a l l e l  with  
r e s t o r a t i o n  of mixed func t ion  oxidase a c t i v i t y  and in c re a se  in  cytochrome 
P-450 content  a re  observed (Obrebska e t  al_, 1980; Bond and De M a t t e i s ,
1969; J S r v i s a l o ,  e t  a l ,  1977b).
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CHAPTER 4 
STUDIES IN AUTOXIDATION
- 9 5  -
INTRODUCTION
Studies  on l i p i d  pe rox ida t ion  conducted by numerous l a b o r a t o r i e s  
have revealed  i t s  highly damaging e f f e c t s  on the  l iv in g  c e l l ,  and i t s  
fundamental importance in the  mechanisms of chemical t o x i c i t y .
Lipid peroxida tion  has been broadly defined by Tappel (1973) as 
the  ox ida t ive  d e t e r i o r a t i o n  of  po lyunsa tura ted  l i p i d s .  The es t imated  
endogenous concentra t ion  of oxygen with in  the  ce l l  i s  not s u f f i c i e n t  to
i n i t i a t e  a u to c a t a ly t i c  pe rox ida t ion  o f  membrane l i p i d s  (McCay and Poyer ,1976) 
but t i s s u e  oxygen may be transformed by endogenous r e a c t io n s  involv ing  
x e n o b io t i c s ,  in to  r e a c t iv e  spec ies  such as s i n g l e t  oxygen (^O^), superoxide 
anion ( O ^ ) , and hydroxyl r a d i c a l s  (OH*), a l l  o f  which are  po ten t  i n i t i a t o r s  
of pe rox ida t ion  reac t ions  and of t i s s u e  damage. Furthermore,  b io lo g ic a l  
systems are  capable of producing r a d i c a l s  by the  metabolic  t r a n s fo rm a t io n  
of a wide range of chemicals. These r a d i c a l s ,  s im i la r  to  the  r e a c t i v e  
forms of oxygen mentioned above, i n i t i a t e  pe rox ida t ion  reac t io n s  with 
extreme ease .  The i n t r i n s i c  mechanisms of the se  processes  a re  no t  y e t  
c l e a r l y  defined but some most probably  involve  the  cytochrome P-450- 
cytochrome P-450 reduc tase  system, and comprise the  following
( i ) a c t i v a t i o n  of 0^ by t r a n s i t i o n a l  m e ta ls :  Fe^+ + 0 ^  — >■ O^ * + Fe^+
+  Op
( i i )  NADPH-dependent microsomal au toxi  d a t io n :  NAD PH + F p — > NADP + FpHg —
FpH + 027 + H+
0
( i i i )  s in g le  e lec t ron  reduc t ion  of quinonoid m e tabo l i te s  p
by f l a v o p ro te in  oxidoreductases  : [I U y
( iv )  cytochrome P-450 genera t ion  of  H^O  ^ or superoxide:
NADPH + 02 NADP++ H02" + H+
(v) cytochrome P-450 genera t ion  o f  r a d i c a l s :  CCl^ ' (+e~)* ^ *^3 +
Carbon disu lphide  des t roys  cytochrome P-450 by conversion to  cytochrome
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P-420, probably by au to x id a t iv e  damage due to  a) i n h i b i t i o n  o f  cytochrome
P-450 monooxygenase a c t i v i t y  by sulphene l igand binding (1 ) ,  followed by
b) a c t i v a t i o n  o f  oxygen to  O^~~ or  O^7 by cytochrome P-450, o r  c)
a c t i v a t i o n  of oxygen by the  f l a v o p ro te in  red u c ta se .
Among o the r  chemicals known to  i n i t i a t e  au tox ida t ion  and l i p i d  
p e ro x id a t io n ,  a re  many halogenated compounds and these  are  known to  
f i r s t  undergo a c t i v a t in g  metabolism by the  cytochrome P-450 system.
The most s tud ied  o f  these  halogenated compounds i s  CCl^ but halo thane  
(CFgCHClBr) and CBrCl , a l so  lead t o  au to x id a t io n .  P oss ib ly
d i f f e r e n t  mechanisms a re  involved, al though a l l  appear  to  undergo f i r s t
dehalogenation by cytochrome P-450 to  g ive  a r a d ic a l  (2) and, p o s s ib ly ,  
tf\en a carbene,  which l igands  to  cytochrome P-450 ( U l l r i c h , e t  aj_, 1978;
A hr ,e t  al_, 1980; Ahr$e t  al_, 1982).
(1) CS2 P~45Q> COS + S: P"45- -> P-450 (Fe:S)
(2) CFgCHClBr P~4- - > CFgCHCl - E l i ^ C F g C H : E l i ^ P ^ S O ( F e :CHCFg)
I t  has a l so  been suggested r e c e n t ly  t h a t  carcinogens may e x e r t  t h e i r  
to x i c  and carcinogenic  e f f e c t s  by the  formation of f r e e  r a d i c a l s  and the  
i n i t i a t i o n  of au tox ida t ive  r e a c t io n s  (Szent-Gyôrgyi,  e t  al_, I960; T o t t e r ,  1980; 
S t i e r ,  1980). The wide spectrum of chemicals t h a t  a re  capable  of i n i t i a t i n g  
a u to x id a t iv e  r e a c t io n s ,  followed by pe rox ida t ion  of  membrane l i p i d s ,  i n d i c a t e s  
t h a t  t h i s  may be a common basic  mechanism of  t o x i c i t y  f o r  many chemicals .
The a b i l i t y  to i d e n t i f y  and quan t i fy  au tox ida t ion  and l i p i d  pe ro x id a t io n  
was, u n t i l  r e c e n t ly ,  a d i f f i c u l t  t a s k ,b e c a u s e  a) techniques  were i n s e n s i t i v e  
and non -sp ec i f ic  (q u a n t i f i c a t i o n  of t h i o b a r b i t u r i c  ac id  (TBA) r e a c t i o n ,  
d e t e c t io n  of conjugated dienes)  and b) the  animal organism i s  well p ro te c ted
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a g a in s t  au to x id a t iv e  damage, i . e .  c a t a l a s e ,  superoxide dismutase ,  
g lu ta th io n e  peroxidase ,  a sco rb ic  a c id ,  t o c o p h e r o l s , r e t i n o i d s ,  g l u t a th io n e ,
and ubiquinone comprise an ex tens ive  system of enzymes, redox b u f f e r s ,  
and f r e e  r a d ic a l  scavengers t h a t  p r o t e c t  the  l iv in g  c e l l  from r e a c t i v e  
oxygen and f r e e  r ad ica l  spec ie s .
However, a new g . l . c .  technique fo r  de termina t ion  o f  a lkanes  has 
been used s u cc e s s fu l ly  s ince  1974, when R i ley ,  e t  aj_. demonstrated the  
format ion of ethane during l i p i d  perox ida t ion  in v i t r o  and in v i v o :
RH + OH ------ > R ------ > a lkanes .
Using t h i s  techn ique,  carbon d i s u lp h id e ,  and a number of  o th e r  . 
t o x i c  chemicals and carcinogens have been s tud ied  fo r  t h e i r  a b i l i t y  to  
genera te  a lkanes ,  and hence t h e i r  a b i l i t y  to  i n i t i a t e  or promote 
a u to x id a t io n .
The indiv idua l  alkanes and alkenes were determined in the  
hope t h a t  d i f f e r e n t  chemicals might man i fes t  a u to x id a t iv e  damage by 
d i f f e r e n t  mechanisms, and thereby give r i s e  to  d i f f e r e n t  a lkyl  r a d i c a l s  
and hence, d i f f e r e n t  alkane products would be exhaled in to  the  head-space 
o f  the  re a c t io n  system.
MATERIALS AND METHODS
Animals : Male Wistar a lb ino  r a t s  (150g body weight) were mainta ined on 
rodent breeding p e l l e t e d  d i e t  (Lab. D ie t ;  S p r a t t ' s ,  Barking, Essex) ,  and 
tap  water a d . l i b . , in condi t ions  of 50-60% humidity and 21°C temperature .  
Some r a t s  were p r e t r e a te d  with sodium phenobarbitone (80mg/kg per day) in  
1.0 ml 0.9% aq. NaCl so ln .  i n t r a p e r i t o n e a l l y  fo r  3 days,  or 3 -methyl-  
cholan threne  ( 2 0  mg/kg per day) in 1 . 0  ml corn o i l  i n t r a p e r i t o n e a l l y  fo r  
3 days.
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Microsomal P r e p a r a t io n s : Rats were k i l l e d  by cerv ica l  d i s l o c a t i o n  and
l i v e r s  were ra p id ly  removed and placed in ic e  cold 1.15% aq. KC1. Livers 
were subsequently  homogenised in 1.15% aq. KC1 by the Pot ter -Elvehjem 
procedure and the  homogenate ( a t  a concn. corresponding to  Ig l i v e r / 4  ml 
of 1.15% aq. KC1) was cen t r i fu g e d  a t  9,000 g av. fo r  20 min. to  y i e l d  
the  1 0 , 0 0 0 g s u p e rn a ta n t ,  which con ta ins  the  microsomes plus th e  so lub le  
f r a c t i o n .  The 9,000g superna tan t  was f u r t h e r  cen t r i fuged  in an MSE 
Superspeed 50 c e n t r i fu g e  with a 8  x 25 ml angle-head r o t o r  a t  105,000 g 
av. f o r  1 h; the  microsomal p e l l e t  was rehomogenized in 1.15% aq. KOI, 
redepos i ted  by c e n t r i f u g a t i o n , and f i n a l l y  resuspended in 1.15% aq. KC1 
buffered to  pH 7.4  with 0.1M sodium and potassium phosphate to  give th e  
microsomal suspension (Ig l i v e r / m l ) .  The microsomal suspension was e i t h e r  used
immediately or  was s to red  a t  -45°C f o r  up to  2 weeks. For s tu d i e s  of 
ethane and e thy lene  p roduc t ion ,  the  concen t ra t ion  of cytochrome P-450 
and haem were determined. P ro te in  was est imated  by the  method o f  Lowry, 
e t  aj_ (1951),  using bovine serum albumin as a s tandard .
Gas Chromatographic Determinat ion o f  Hydrocarbons
Lipid p e r o x id a t io n : The degree of l i p i d  pe rox ida t ion  was es t imated  by
measuring ethane and e thylene  product ion formed in  the  incubat ion  media 
and re le a se d  in to  a head-space of  a r e a c t io n  v e s s e l . The incubat ion  
medium cons i s ted  of  the  microsomal suspension (3.3 mg p ro te in /m l )  in  0.1 M 
sodium and potassium phosphate b u f fe r  pH 7 .4 ,  the  a p p ro p r ia te  c o n ce n t ra t io n  
of  drug s u b s t r a t e ,  and NADPH-generating system (NADP+ ImM, g lucose  6 - 
phosphate lOmM and 4.5  u n i t s  of glucose  6 -phosphate dehydrogenase) in a t o t a l  
volume of  3 ml. The drug s u b s t r a t e s  used were CCI4 , CS^, hexobarb i tone ,  
benzo(a)pyrene , benzo(e)pyrene p-naphthylamine,  a-naphthylamine,  s a f r o l e ,  
i s o s à f r o l e ,  2 - ace tam idof 1 uorene , f l u o r e n e ,  methylcholanthrene ,  and a n i l i n e .
The f o l l owi ng  so lven ts  and de te rg en ts  were used e i t h e r  on t h e i r  own, or as 
so lven t  f o r  a s u b s t r a t e } benzene, DMF, ace tone ,  methanol $ DMS0, Tween 80.
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In h ib i t io n  of pe rox ida t ion  of  membrane l i p i d s  was achieved with n i t r o - b l u e  
té t razo l ium  (NBT), g lu ta th io n e  (GSH), cytochrome c ,  EDTA and a - tocopherol
(Vitamin E).
All the  so lu t io n s  or  suspensions  were kept in  an ic e  ba th .  The 13 ml 
incubat ion tubes were capped with rubber s to p p er s .  The drugs added d i r e c t l y ,
o r  as d i lu te d  so lu t ions  in ap p ro p r ia te  s o l v e n t s , were i n j e c t e d  (using 0 . 1 - 
l .Oyl mic rosyringes)  v ia  the  rubber s to p p e r ,  followed by i n j e c t i o n  of  0.25ml
of  the  NADPH-generating system. All r e a c t io n  components were vor tex-mixed 
f o r  15 sec and the  f i r s t  1 ml gas sample (zero  t ime) was removed from the  
headspace o f  the  r e a c t io n  mixture  (vo l .  1 2  ml) in a g a s - t i g h t ,  p l a s t i c  and 
rubber d isposable  1 ml sy r inge .  Before removing a f u r t h e r  sample of  gas ,
1 ml of a i r  was i n j e c t e d  to  rep lace  t h a t  p rev ious ly  taken and th e  plunger 
was drawn back and f o r th  8  t imes to  ensure t h a t  the  gas con ten t  o f  th e  tube 
was adequately mixed. The r e a c t io n  was i n i t i a t e d  by p lac ing  th e  incubat ions  
tube in a 37°C water bath .  Subsequent gas samples were taken a t  10,  20 and 
30 min of incubat ion .  Samples of the  gas phase were immediately ana lysed 
with a Packard model 409 gas chromatograph equipped with a flame io n i z a t i o n  
d e tec to r .  The ins trument used a 3 f t  x £ in g la ss  column packed with 
Carbosieve B 60/80 mesh (Supelco,  I n c . , ) .  The c a r r i e r  gas (n i t rogen )  
flow r a t e  was 30ml/min, the  hydrogen flow r a t e  was 30ml/min, and th e  a i r  
flow r a t e  was 300ml/min. The temperature  s e t t i n g  gave a column temperature  
of 170°C and the  d e t e c to r  temperature  was held a t  220°C. The s igna l  
conver te r  was connected to  the  Perkin-Elmer r eco rd e r .  For q u a n t i t a t i v e  
eva lua t ion  the peak areas  were planimetered  and compared with c a l i b r a t i o n  
chromatograms obta ined fo r  pure ethane and e thy lene  measured under t h e  same
cond i t ions .
The r e s u l t s  were given in pmoles of gas p re sen t  in a 1.0ml sample 
taken from a t o t a l  of 1 2  ml volume of the  r e a c t io n  headspace and produced 
by Img of microsomal p ro te in  in the  above co n d i t io n s .
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RESULTS
A c a l i b r a t i o n  chromatogram was produced fo r  both e thy lene  and 
ethane  in a range of  concen t ra t ions  corresponding to  0 .5  - 10 ppm, or 
to  25-500 pmoles/ml o f  r e a c t io n  headspace gas sample,  which covered 
the  range of  concen tra t ion  occurr ing  during the experiments .  The 
r e t e n t io n  times o f  the  w e l l - r e so lv ed  peaks de tec ted  by gas chromatography 
during in v i t r o  l i p i d  perox ida t ion  corresponded with a u th e n t i c  e thy lene  
( r e t e n t i o n  t im e ,2.0 min) and ethane ( r e t e n t i o n  t ime,  2.9  m in ) .
No v o l a t i l e  hydrocarbons were d e tec ted  during 30 min incubat ion  
in  the  in v i t r o  system of  whole l i v e r  homogenate a l o n e . When CCI4
(5 and 10 mM) was added, hydrocarbons were again not d e t e c t a b l e .  However, 
a d d i t io n  of a NADPH-generating system plus  high con cen t ra t io n s  of  CCl^
(10 mM) to  the  whole homogenate r e s u l t e d  in some ethane format ion
(5.5 pmol/mg p ro te in  per ml gas sam ple) ,com pared  with 40 pmol/mg p ro te in  
per ml gas sample derived from a r e a c t io n  mixture con ta in ing  th e  l i v e r  
microsomal f r a c t i o n ,  a NADPH-generating system and ImM CCl^ (see  Table 1) .
In the absence o f  a NADPH-generating system no ethane was 
d e tec ted  a f t e r  30 min incubat ion  o f  a l i v e r  microsomal p r e p a ra t io n ,  
r eg a rd le ss  o f  the  animal t r e a tm e n t ,  o r  th e  presence o r  o therwise  o f  
damaging concen t ra t ions  o f  CS^ or  CCl^ (see  Tables 1 and 4 ) .  However, 
e thane and e thylene  were r a p id ly  formed when a NADPH-generating system was 
added to th e  p repa ra t ion  of  l i v e r  microsomes. The e x te n t  of  t h e  product ion  
o f  the  alkane and alkene increased  with the  length o f  the  t ime t h a t  th e  
microsomal p repara t ion  was s to red  a t  -45°C, in d ic a t in g  t h a t  s to ra g e  o f  
microsomes favours au tox ida t ive  damage o f  the  l i p i d  membranes.
Occasionally ,  r e s u l t s  obta ined  f o r  the  same added chemical in s e p a r a t e  
experiments d i f f e r e d ,  so in a d d i t io n  to the  con t ro l  sample,  a " p o s i t i v e
con t ro l"  conta in ing  ImM CCl^ was inc luded in the  in cubat ion
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Table 1. NADPH-Dependence o f  Lipid Peroxidation  in Rat 
Liver  Homogenate and Microsomal P repara t ion
Lipid pe rox ida t ion  was measured by gas chromatographic 
q u a n t i f i c a t i o n  o f  th e  ethane and e thylene  produced in the  head-space 
gases during incubat ion  o f  t i s s u e  p re p a ra t io n s .  The q u a n t i t i e s  of 
ethane and e thylene  a re  expressed as pmol in 1 ml o f  head-space gas 
phase produced per 1 mg microsomal p ro te in  per 30 min incubat ion .
NADPH-generating system (NADP+ 1 mM, glucose  6 -phosphate 10 mM 
and 4.5  u n i t s  o f  glucose  6 -phosphate  dehydrogenase) were used to  
provide NADPH.
Whole homogenate
Ethane
(pmol/ml gas per mg p ro te in  in 30 min)
no NADPH-generating system
" plus CC14  [5 mM)
" plus  CC14  (10 mM)
none
none
none
with NADPH-generating system 
" plus  CC14  (5 mM)
" plus  CC14  (10 mM)
none
none
5.5
Microsomes
with  NADPH-generating system plus
CCl4 (lmM)
40
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mixture .  One reason fo r  t h i s  was d i f f e r e n c e  in the  f r e sh n es s  o f  the  
microsomal p rep a ra t io n .  In the  m a jo r i ty  of experiments the  microsomal 
p repara t ions  from p h e n o b arb i to n e - t r ea ted  r a t s  were used unless  
otherwise  s t a t e d .
Phenobarbitone or 3-methylcholanthrene t rea tm en t  of r a t s  have
s im i l a r  e f f e c t s  on both CSg- and CCl^-dependent ethane formation (Tables
4 and 8 ). When f r e sh  microsomes were used (low NADPH-dependent e thane
fo rm at ion) ,  CCl^ increased  e thane production by 4 - fo ld  a f t e r  phenobarbitone  
t rea tm en t  and 2 - fo ld  a f t e r  3-m ethy lcho lan threne . Carbon d isu lph ide - induced
ethane formation,  however, cannot be q u a n t i t a t i v e l y  compared because
of the  higher range of CSg co n cen t ra t ions  used with f r e s h  microsomes from
phenobarb i tone- t rea ted  r a t s .  In both in s tan ces  an increased  ethane
production i s  found, 2 - fo ld  with 3-methylcholanthrene microsomes (Table 8 )
and 4 - fo ld  with phenobarbitone microsomes (and higher CSg c o n c e n t r a t i o n ,
see Table 4a).
Stored microsomes from p h e n obarb i tone- t rea ted  r a t s  produced a 2 - fo ld  
in c rease  over control  va lues  in e thane format ion in th e  presence o f  e i t h e r  
CCl^ or C$ 2  ( concen tra t ions  corresponded t o  those  used with 3-methyl-
cholanthrene microsomes).
The hydrophi l ic  so lven ts  and non- ion ic  s u r f a c t a n t  Tween 80 
(hydrophi l ic  type de te rg en t )  depress  l i p i d  pe rox ida t ion  to  a g r e a t e r  
e x te n t  than the  hydrophobic so lv e n t s .  Ethylene was formed only in th e  
presence o f  methanol or  acetone (Table 2 ) .  A f te r  a d d i t io n  o f  CCl^ the  
only so lv en t  which depressed e thane production was benzene,  which may 
have competed with CC14  f o r  the  a c t i v e  s i t e  of cytochrome P-450. Those
so lven ts  t h a t  increased  e thane production may have done so by more 
e f f e c t i v e  d i s t r i b u t i o n  of the  CCI4  in  th e  l i p i d  components of  the
endoplasmic re ticu lum.
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Table 2. E f fec ts  of  Addition of Various Solvents  on Lipid
Peroxida t ion  in Rat Liver Microsomal P repa ra t ions
The so lven ts  (25 p i )  were added to  3 ml of microsomal incubat ion  
m ix tu re ,  un less  o therwise  s t a t e d .
The q u a n t i t i e s  of ethane and e thylene  a re  expressed as pmol in 1 
ml headspace gases produced per mg microsomal p ro te in  per 40 min. 
incuba t ion .  NADPH was added to  the  l i v e r  microsomal p re p a ra t io n  in 
every c a s e ,  in a form of  NADPH-generating system (NADP+1 mM, glucose
6 -phosphate  10 mM and 4 .5  u n i t s  of glucose  6 -phosphate dehydrogenase).
a f i n a l  concen t ra t ion  of CCl^, 3 mM
k f i n a l  c oncen t ra t ion  o f  CCl^, 1 mM
Chemical
Added
No
Ethane
CC14
Ethylene
With CC14  
Ethane
added
Ethylene
None 2 1 none
a
17.5 none
DMF 16 none 19 none
DMSO 14 none 40* none
Benzene 8 .5 none 6.5 none
Acetone 8.5 none 29* 4.5
Tween 80 6 none 61* none
Methanol 4.5 none 31* 3
None 18 1 . 0 u —
Methanol (lOyl) 17 1 . 2 2 2 none
Methanol ( 1 0 y l ) 15 5.7 t 26* 6 . 2 *
plus methional ( lO y l)
b
Acetone (10yl) 8 none 18* none
Acetone (10yl) f +
plus  methional ( 1 0 y ) 12.5 10.5 2 2 * 4.5
* Addition of CCl^ produces s i g n i f i c a n t  in c reases  in ethane production
f
Methional r e ac t s  with  OH" to form e thy lene
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When methional (CH^ SCHgCHgCHO) was p re sen t  in the  incubat ion  
m ix tu re ,  a s i g n i f i c a n t  amount of e thylene  was produced on a d d i t io n  of 
methanol, CCl^, CSg and acetone (see Tables 2 and 3 ) .  The amount of 
e thy lene  produced in the  presence of acetone and CS^ was s i m i l a r  to  
the  amount o f  e thane  d e tec te d ,  in d ica t in g  a major c o n t r ib u t io n  of  OH* 
tn the  pe rox ida t ion  of l i p i d s  in t h i s  in s tance .
CSg, l i k e  CC1 4 , caused enhanced ethane production which inc reased  
with  inc reas ing  c oncen t ra t ions  of CSg (Table 4).  Addit ion of  CSg 
a l so  r e s u l t e d  in  a marked lo s s  of cytochrome P-450.
The need f o r  a con tro l  sample with a low leve l  of l i p i d  pe rox ida t ion  
led to  i n v e s t i g a t i o n  of the  p o s s i b i l i t y  of using e l e c t ro n  accep to rs  such 
as n i t r o - b l u e  t é t r a zo l iu m  (NBT) and fe rr icy tochrome c ,  n a tu ra l  i n h i b i t o r s  
of l i p i d  p e ro x id a t io n ,  such as vitamin E, g lu ta th io n e  (GSH) and th e  
s y n th e t i c  i n h i b i t o r  of l i p i d  p e rox ida t ion ,  EDTA. The e s s e n t i a l  p re ­
r e q u i s i t e  f o r  th e se  substances  was to  decrease  the  non-phys io logica l  
microsomal l i p i d  perox ida t ion  (exogenous NADPH-dependent in the  absence 
of any cytochrome P-450 s u b s t r a t e )  without i n t e r f e r e n c e  with the  chemical-  
mediated au to x id a t io n .
The r e s u l t s  obta ined f o r  NBT are  presented in Table 5. The 
e f f e c t i v e  concen t ra t ion  of NBT which s u b s t a n t i a l l y  diminished the  
NADPH-dependent e thane production without appreciable e f f e c t  on CCl^- 
dependent e thane evo lu t ion  was 5 yM. At t h i s  c o n cen t ra t io n  of NBT, CCl^
(1 mM) Increased  background ethane product ion 4 - f o l d ,  and a t  th e  h igher  
concen t ra t ions  of 10 yM NBT, CCl^ increased background ethane  production
near ly  2 - f o ld .  Ethane evo lu t ion  in the  presence of both NBT (20 yM) and CS?
than
(0^1 to  1.0 mM) was only s l i g h t l y  h igherJwith  NBT alone (Table 6 ) .  However
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Table 3. E f fec t  o f  Addition of  Carbon Disulphide  on Lipid 
Peroxidation by Rat Liver Microsomal P repa ra t ions
The various  so lven ts  were added in amounts of lOul to  3 ml o f  
a microsomal incubat ion m ix tu re ,  with added NADPH-generating system 
(NADP+ ImM, glucose 6 -phosphate lOmM and 4.5  un i t s  of glucose 6 -phosphate  
dehydrogenase). Q uan t i t ie s  of ethane and e thylene  determined by gas 
chromatography a re  expressed as pmol in 1 ml headspace gases produced per 
mg of  microsomal p ro te in  per 40 min incubat ion .
Chemical(s) 
Added
No
Ethane
CSo
Ethylene
With CSo added ( ImM) 
Ethane Ethylene
None 18 1 . 0 19 1 . 0
Acetone ( lOyl) 18 none 1 1  1 . 0
t
Acetone ( lOyl) 2 2 4.5 11 8 .5
plus  methional (lOyl )
+ Methional r e a c t s  with  OH* to form e thylene
-  106 -
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Table 5. Ef fec ts  of  Anti oxidants  on Carbon Te t rach lo r ide - induced  
Lipid Perox ida t ion  in Rat Liver Microsomal Prepara t ions
NADPH-generating system ( d e t a i l s  as given in Table 1) was added to  a l l  
th e  l i v e r  microsomal p re p a ra t io n s .  Alkanes a re  expressed as pmol per 
1 ml headspace gas per mg microsomal p r o t e in  in 30 min incubat ion .  
Cytochrome P-450 and t o t a l  haem a re  expressed as nmol/mg microsomal 
p r o t e in .
Carbon t e t r a c h l o r i d e  
added
(mM)
Antioxidant 
added Ethane Ethylene C y t .P-450
Total
Haem
none none 20 none 0 . 21 1 . 5 2
none NBT(2 yM) 14 none 0 . 5 0 1.57
none " (5 yM) 7 none 0.67 1 . 6 2
none "(10 yM) 10 none 0 . 4 2 1 . 3 2
1 . 0 none 33 none 0 . 0 0 0.76
1 . 0 NBT(5 yM) 30 none 0 . 21 0 . 9 1
1 . 0 " ( 10  y M) 17 2 . 5 0.08 0.81
none GSH ( 0 . 2 5  mM 7 none 0.40 1.47
none " ( 0 . 5  mM) 8 none 0.42 1.47
1 . 0 GSH (0.25 mMI 27 none 0 . 1 0 0.76
1.0 " (0 .5  mM) 20 none 0.03 0.76
none c y t . c ( 5 0  yM) 21 none 0 . 3 9 1 .42
none " (500 uM) 19 none 0.57 1.42
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under these  c o n d i t io n s ,  CCl^ (1 mM) produced a 4 - fo ld  in c rease  in 
ethane production (Table 6 ) .
When GSH was used in s tead  o f  NBT, the e f f e c t i v e  concen t ra t ion  
chosen was 0.25 mM. CCl^ produced only a 2 - fo ld  in c rease  in 
ethane formation,  but CS  ^ (0.1 to 1.0 mM) produced no s i g n i f i c a n t  
in c re a se .  Ethane production by CS^ (1 mM) in the  presence o f  GSH 
(0.25 mM) and EDTA (1 mM) was, however, s i g n i f i c a n t l y  increased  
(Table 6 ) .
Vitamin E (1 mM) added to the microsomal p re p a ra t io n s  i n h ib i t e d  
ethane production and al though the  ad d i t ion  o f  CCl^ (1 mM) produced 
a s i g n i f i c a n t  inc rease  in ethane formation,  CS^ (1 mM) had no 
s i g n i f i c a n t  e f f e c t  (Table 7 ) .
These s tu d ie s  wi th  NBT, GSH, EDTA and vitamin E show t h a t  the 
an t io x id an ts  decrease  NADPH-, CS^- and to  a l e s s e r  e x te n t  a lso  CCl^- 
dependent l i p i d  perox ida t ion  monitored by formation o f  e thane (Tables 
5, 6  and 7 ) .  Total haem measurement may be a more r e l i a b l e  index o f  
l i p i d  p e ro x id a t io n - l in k ed  d e s t r u c t io n  o f  cytochrome P-450 than measure­
ment o f  cytochrome P-450 by the  method used,  as l i p i d  pe rox ida t ion  
may y i e l d  CO which would apparen t ly  decrease  the  cytochrome P-450 
e s t im at ion  (Table 8 ) .
The a b i l i t y  o f  CS  ^ o r  CCl^ to in c rease  endogenous l i p i d  
perox ida t ion  was examined with e i t h e r  l i v e r  microsomes from r a t s  
p r e t r e a t e d  wi th  phenobarbitone o r  3 -m ethy lcho lan th rene . When CS^
(1 to 7 .5  x mM) was added to  incubat ions  o f  l i v e r  microsomes from 
phenobarbi t o n e - t r e a t e d  r a t s ,  the  production was inc reased  2- to 4 - f o ld  
(Table 4 ) .  In comparison, the  in c rease  in ethane p roduct ion  by CCl^
(1 mM) was more than 4 - fo ld  (Table 4 ) .
- 1 0 9 “
Table 6 . E f fec ts  of  G lu ta th ione ,  N i t r o - b lu e  Tétrazol ium and EDTA 
on Carbon d isu lph ide- induced  Lipid Perox ida t ion  in Rat 
Liver Microsomal Prepara t ions
Conditions were as f o r  Table 5.
Ant ioxidant  Carbon 
added d isu lph ide
(TO- 4  M) (mM)
Ethane Ethylene
Cytochrome
P-450
Total
Haem
GSH (2 .5 ) none 17 none 0.61 1.52
II 0 . 1 17 none 0.16 1.57
II 0.5 14 none 0 . 0 0 1.42
II 1 . 0 1 0 1.3 0 . 2 1 1.37
cci4 (ImM) 38 none 0.16 0.78
NBT (0 .2) none 8 none 0.82 1.23
II 0 . 1 9 2.5 0.63 1.37
II 0.5 1 0 2.4 0.63 1.13
II 1 . 0 6 2 . 6 0.53 1.32
O O (1 mM) 29 none 0 . 2 1 0.64
GSH (2 .5) none 18 0.7 0 . 6 8 1.47
II 1 . 0 2 0 1 . 6 0,63 1.62
EDTA (10) none 2.8 none 0.61 1.37
EDTA (10)
0.65 1.78plus GSH(2,5) none none none
EDTA (10)
0.73 1.85plus GSH(2.5) 1 . 0 14 none
- n o  -
Table 7. E f fe c t  of Vitamin E on Lipid Peroxidation in Rat Liver 
Microsomal Prepara t ions
All incubat ion  mixtures contained NADPH-generating system, descr ibed  
in d e t a i l  in Table 1. Q uan t i t ie s  of ethane and e thylene  a re  expressed as 
pmol in  1 ml headspace gas phase produced per 1 mg microsomal p ro te in  per 
30 min in c u b a t io n .  Cytochrome P-450 and t o t a l  haem are  expressed as 
nmol/mg microsomal p r o te in .
Toxic Chemical Vitamin E 
( mM) Ethane Ethylene
Cytochrome
P-450
Total
Haemi
none 0.25 4 none 0.58 1.70
none 0.5 4 none 0.62 1.57
none 1 . 0 none none 1.15 1.89
CS2  (1 mM) none 4 none 0.27 1.43
C$ 2  (ImM) 0.5 5 none 0 . 0 0 1.43
cci4 (1 mM) none 16 none 0 . 0 0 0.74
CC1'4  (1 mM) 0.5 15 none 0.05 0.78
- m  -
Table 8 . Carbon Disulphide Induced Lipid  Perox ida t ion  in  Liver 
Microsomal P repa ra t ions  from Rats Treated with  3- 
Methylcholanthrene
All but two ( in d ica te d  in  th e  Table) incubat ion  mix tures  conta ined 
NADPH-generating system, desc r ibed  in d e t a i l  in  Table 1. Q u an t i t i e s  
of ethane and e thy lene  a re  expressed as pmol in 1 ml headspace gas 
phase produced per 1 mg microsomal p ro te in  per 30 min in cu b a t io n ,  
cytochrome P-450 and t o t a l  haem a re  expressed as nmol/mg microsomal 
p ro te in .
NADPH -
genera t ing
system
CS2  
( mM)
Ethane Ethylene Cytochrome
P-450
Total
Haem
none none none none 1 . 0 0 1.59
+ none 7 none 0.41 1.24
+ 0 . 1 1 0 none 0 . 2 2 1.24
+ 0.25 13 none 0.08 1 . 1 0
+ 0.5 14 none 0.07 1.06
+ 1 . 0 1 0 none 0 . 1 2 1.06
none CC14 (1 mM) none none 0.75 ^ 1.54
+ CC14 (1 mM) 16 none 0 . 1 0 0.93
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Some of  th e  anomalous r e s u l t s  obta ined ( i . e .  where no dose response 
was observed with C$ 2  or CCl^ in a lkane formation,  o r  d e s t r u c t i o n  of 
cytochrome P-450) a re  most l i k e l y  due to  the  use of s to red  l i v e r  microsomes, 
in  which the  high background le v e l s  of l i p i d  pe rox ida t ion  mask th e  e f f e c t s  
of the  added to x ic  compound.
F i n a l l y ,  a number of  carcinogens and r e l a t e d  non-carcinogenic  
compounds were examined f o r  t h e i r  a b i l i t y  to  a f f e c t  the  production of 
e thane .  The compounds s tud ied  were added to  the  microsomal incubat ions  
as s o lu t io n s  in ace tone ,  because of t h e i r  poor s o l u b i l i t y  in water .
With l i v e r  microsomes from phenobarb i tone- t rea ted  r a t s  (Table 9) 
only f lu o ren e  and CCl^ showed any in c rease  in ethane production  over 
con tro l  v a lu e s ,  al though benzo(a)pyrene and 3 -methy lcho lan threne ,  as well 
as f luo rene  and CCl^, e x h ib i te d  an increased  d e s t r u c t i o n  of cytochrome 
P-450. With l i v e r  microsomes from r a t s  p r e t r e a te d  with 3 -m ethylcholanthrene  
(Table 10) none o f  th e  added compounds showed any in c rease  over c o n t r o l s  
in  ethane production .  However, CCl4 >ani1ine>2-acetamidofluorene>3-methyl-  
cho lan th rene> sa f ro le> f 1 uorene>isosa f r o i e showed increased  r a t e s  of  
d e s t r u c t i o n  of cytochrome P-450.
Results  presented  in Table 11 obta ined with f r e s h  l i v e r  microsomes 
from phenobarb i tone- t rea ted  r a t s  showed a depressed ethane  fo rmation  in 
the  presence of  benzo(a)pyrene ,  s i m i l a r  to  the  r e s u l t s  obta ined  with  s to red  
microsomes (Table 9).  The s to rag e  of  microsomes, however, c o n t r i b u t e d  to  
th e  d e s t r u c t i o n  of  cytochrome P-450 in the  presence of benzo(a)pyrene 
(see Tables 9 and 11).
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Table 9. E f fec ts  o f  Some Carcinogens and Related Compounds on Lipid 
Perox ida t ion  in Liver Microsomal P repa ra t ions  from 
Phenobarb itone-Treated R a t s .
All compounds were d is so lved  in  acetone  (except a n i l i n e ,  which was 
d isso lved  in phosphate b u f f e r ,  pH 7 . 4 ) .  Minimal volume o f  acetone was 
used and s o l u b i l i z a t i o n  was f a c i l i t a t e d  by s o n ic a t io n .
Conditions o f  incubat ions  were as fo r  Table 7.
Compound Concn. 
Added (mM)
Ethane Ethylene CytochromeP-450
Total
Haem
Control (a ce tone ,  2 .5y l) 34 2 . 8 0.89 1.96
3 -Naphthylamine 0.1 none 1 . 2 1.32 1.96
cx-Naphthylamine 0 . 1 none 2 . 8 1.25 1.78
Safro le  0.1 2 0 1.4 0.99 1 . 8 8
I s o sa f r o le  0.1 1 2 0 . 8 1 . 0 0 1.64
2-Acetamidof1uorene 0.1 2 0 0.7 0.91 1.59
Fluorene 0.1 37 none 0.58 1.40
Control (acetone ,  5 .0y l) 39 0.8 1 . 2 2 2 . 0 2
Benzo(a)pyrene 0.1 17 0.9 0.23 1.96
Benzo(e)pyrene 0.1 25 0.7 0.85 1.73
3-Methylcholanthrene 0.1 29 0 . 8 0.52 1.87
Ani line  0.1 29 0.4 0.75 1.59
cci4 1.0 46 1 . 0 0.06 0.98
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Table 10. E f fec ts  of Some Carcinogens and Related Compounds on 
Lipid Peroxida t ion  in  Liver  Microsomal Prepa ra t ions  
from 3 -Methylcholanthrene-Treated Rats.
Conditions o f  incubat ions  were as f o r  Table 9.
Compound Concn. 
... Added ^  mM)
Ethane Ethylene Cytochrome
P-450
Total
Haem
Control ( a c e to n e ,2 . 5pl) 36 2 . 6 0.80 1.18
3-Naphthylamine 0.1 none 2 . 0 0.89 1.50
cx-Naphthylamine 0.1 none 2.5 0.82 1.50
Safro le  0.1 26 1.4 0.53 1.32
I s o sa f r o le  0.1 1 2 0 . 8 0.72 1.32
2 - Acetarnidof1 uorene Q. 1 23 0.7 0.25 1.32
Fluorene 0.1 16 none 0.64 1.27
Control ( a ce to n e 9 5 . 0 p l ) 37 0 .9 0.85 1.71
Benzo(a)pyrene 0.1 1 1 0.3 0.92 1.45
Benzo(e)pyrene 0.1 13 0.5 0.87 1.59
3-MethylcholanthreneO.1 26 0 . 8 0.30 1.50
Anil ine  0.1 36 0 . 8 0 . 2 0 1.27
o o 4^
o 37 0 . 8 0.05 0.91
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Table 11. E f fe c t  of Benzo(a)pyrene on Lipid Peroxida t ion  by
Rat Liver Microsomal P repara t ions  from Phenobarbitone 
Trea ted Rats
Conditions were as fo r  Table 7.
Compound Added
Concn.
(mM) Ethane Ethylene
Cytochrome
P-450
Total
Haem
None (acetone , 5 y i ) 5.0 none 1.05 1.99
Benzo(a)pyrene (0.08) none 1.4 1.13 1.52
Benzo (a)pyrene (0,17) 2.4 none 1.28 1.75
Benzo(a)pyrene (0.50) 2 . 8 none 1 . 2 0 1 . 6 6
CCI 4 ( 1 . 0 ) 15.0 none 0 . 1 0 1.06
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DISCUSSION
The perox ida t ion  o f  l i p i d s  in b io lo g ica l  membranes i s  a d e s t r u c t i v e  
phenomenon t h a t  can be e l i c i t e d  by various  means d iscussed  e a r l i e r  in 
t h i s  chap te r .  Peroxida t ion  re a c t io n s  a re  complex processes  occurr ing  
with in  a very complex environment,  the  ce l l  membranes.
The in vivo formation o f  the  various  pe rox ida t ion  -  i n i t i a t i n g  
forms o f  oxygen by membrane-bound enzymes as well as membrane-soluble 
xenobio t ics  may be somewhat d i f f e r e n t  from t h a t  which occurs in in v i t r o  
systems. The environment o f  the  i s o l a t e d  microsomes i s  deprived of 
o th e r  s u b - c e l l u l a r  o rg a n e l l e s ,  o f  cytosol and o f  w a te r - so lu b le  a n t i ­
oxidants  so t h a t  in v i t r o  systems, al though usefu l models, have major 
d e f i c i e n c i e s .
Ethane and Ethylene Formation Induced by Xenobiotics in  v i t r o
The capac i ty  o f  xenob io t ics  to  evoke a u to x id a t iv e  damage w i th in  
microsomal membranes has been t e s t e d  by assessment o f  evolved ethane and 
e thylene  gases .  The formation o f  a lkanes  and alkenes  in  perox ida t ion  
r e a c t io n s ,  o r i g i n a t e  from the  i r o n - c a t a ly s e d  decomposition o f  a re le v an t  
hydroperoxide of  the  a lkyl  chain  of phospholip ids  ( R i e l y . e t  al_, 1974; 
D i l l a r d ,  e t  a]., 1977).  Ethane formation proceeds as fo l lows:
CH, CH-C-R + Fe2+ -------------► CH, OLC-R + Fe + OH"3 2
00H O'
L* LH 3 - s c i s s i o n  q
where LH t s  a po lyunsatura ted  l i p i d  and L* i s  a l i p i d  r a d i c a l .
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The chosen in  v i t r o  system f o r  studying the  e f f e c t  o f  xenobio t ics  
on l i p i d  pe rox ida t ion  comprised a microsomal p re p a ra t io n  in the  presence o f  a 
NADPH-generating system plus  the  compound under study. When whole homogenate was 
s u b s t i t u t e d  f o r  microsomes, only a small amount o f  e thane  was de tec ted  
with a very high concen t ra t ion  o f  CCl^ (10 mM) (Table 1 ) .  Obviously,  
the  presence o f  v a r i a b l e  q u a n t i t i e s  o f  w a te r - so lu b le  an t io x id a n t s  and 
au tox ida t ion  defence enzymes made t h i s  system u n s u i t a b le  f o r  au tox ida t ion  
s tu d i e s .
The more r e f in e d  system using microsomes, however, produced 
s i g n i f i c a n t  amounts o f  e thane in  control  samples.  Absence o f  NADPH 
from t h i s  in v i t r o  system produced no e thane ,  r e g a rd le s s  of  the  presence
or  absence o f  x e n o b io t i c s .  This shows t h a t  both l i p i d  pe ro x id a t io n  and 
the  hydroxyla tion o f  xenob io t ics  depend on (o r  compete fo r )  the  NADPH- 
dependent e l e c t r o n  t r a n s p o r t  system (O rren ius^e t  £]_, 1964; W i l l s ,  1969). 
Elec trons  suppl ied  by NADPH, through NADPH-cytochrome P-450 re d u c ta se ,  
would probably r e s u l t ( i n  the  absence o f  s u b s t r a t e s  and under r e l a t i v e l y  
high oxygen tens ion)  in superoxide  anion and hydroxyl r a d ic a l  genera t ion  
and the  subsequent leakage o f  the se  in to  the  surrounding l i p o i d a l  m a t r ix .
A number o f  an t io x id a n t s  were i n v e s t ig a t e d  in  o rde r  t o  control  t h i s  
non-phys iological  NADPH-dependent, l i p i d  pe rox ida t ion  whi le  s u b s t r a t e s  
were om it ted .  All bu t  one ( fe r r icy tochrom e c) were e f f e c t i v e  in 
d imin ishing the  formation o f  ethane in contro l  samples (Tables 5,6 and 
7 ) .  The e f f e c t  o f  a n t io x id a n ts  on both CCl^- and CSg-i n d u c e d  l i p i d  
pe rox ida t ion  was no t  very c l e a r ,  however. I t  seems t h a t  g lu t a th io n e  
and NBT suppress CS^-induced production of  e thane (as seen by comparison 
of  Table 6  versus  Table 4 ) ,  but the re  i s  only a s l i g h t ,  i f  any decrease  
in  CCI4 - induced ethane formation (Tables 6 , 4 ) .  The p o s s ib le  exp lana t ion  
o f  t h i s  i s  t h a t  CCl^ and CSg involve d i f f e r e n t  mechanisms and d i f f e r e n t  
r a te s  o f  oxygen rad ica l  format ion.
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The t r i ch lo rom ethy l  r a d ic a l  ("CClg) may i n i t i a t e  perox ida t ion  
i n s t a n t l y  by a b s t r a c t io n  of hydrogen from unsa tu ra ted  l i p i d s ,  while 
the  a c t iv e  m e tab o l i t e  of carbon d i su lp h id e  namely, sulphene su lphur ,  
binds co v a len t ly  to  cytochrome P-450 and probably genera tes  a c t i v e  
oxygen from the  P-450 cycle  (Chapter 3,  D iscuss ion) .  While NBT (an 
e lec t ro n  accep to r )  can be assumed to  i n t e r f e r e  with th e  metabolism 
of both C$ 2  and CCl^ (perhaps a t  d i f f e r e n t  c o n c e n t r a t i o n s ) ,  p ro t e c t io n  
of fered  by GSH in t h i s  in v i t r o  system would be p r im ar i ly  c o n f in e d  to  
remove H^O  ^ formed during CS^ metabolism, which i s  r e f l e c t e d  by th e  
experimental  r e s u l t s  (Table 6 ).
Synthe t ic  a n t i o x i d a n t ,  EDTA i s  a very e f f e c t i v e  i n h i b i t o r  of 
NADPH-dependent l i p i d  pe rox ida t ion  (Table 6 ) . Together with GSH they  
t o t a l l y  i n h ib i t e d  product ion of  e thane.  However, t h e i r  presence did 
not suppress CS^-dependent e thane production.
Vitamin E (0.5 mM) did  not have any e f f e c t  on e i t h e r  con t ro l  
(NADPH)-, CSg- or CCl^Hnduced ethane format ion.  Although th e  fu n c t io n  
of vitamin E in te rm ina t ing  f r e e  r a d ic a l  chain r e a c t io n s  i s  well 
e s t a b l i sh e d  (D i l l a rd  and Tappel,  1971; Galanopoulous, e t  a l , 1982; Tappe l , 
1972), i t s  p r o t e c t i v e  e f f e c t  on CCI^-induced l i p i d  pe rox ida t ion  in vivo 
i s  of  a complex n a tu re ,  unders tandably ,  because vitamin E i s  a p a r t  o f  
a complex defence system a g a in s t  l i p i d  p e rox ida t ion .  With small doses of 
CC14  in v i v o , no c o r r e l a t i o n  was found between the  amount of l i p i d  
pe rox ida t ion  in the l i v e r  and th e  degree o f  t r i g l y c e r i d e  accumula tion,  
c^ nd vitamin E did not a f f e c t  e i t h e r  of  th e se  events  nor was g lucose  6 - 
phosphatase a c t i v i t y  diminished by CCl^ ( B e n e d e t t i , e t  al_, 1974). At 
doses t h a t  p ro tec ted  a g a in s t  CCl^, vi tamin E had no e f f e c t  on th e  
product ion of conjugated dienes  in microsomal l i p i d s  a f t e r  th e  
a d m in is t r a t io n  of CC14  (De F e r r e y r a , e t  al_, 1975).
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Yet the  a n t io x id a n t  func t ions  of vi tamin  E a re  apparen t ,  in  p a r t i c u l a r  
when de f ic iency  s t a t e s  of t h i s  v itamin  a re  induced. Vitamin E d e f ic ien c y  has 
been repor ted  to  inc rease  the  s u s c e p t i b i l i t y  of animals t o  oxygen t o x i c i t y  
(Mino, 1973), the  pulmonary t o x i c i t y  of the  genera t ing  h e r b ic id e ,  paraquat 
(Bus, e t  a h  1975) and th e  t o x i c i t y  of ozone (Golds te in ,  e t  a h  1970; Roehm, 
e t  al_, 1972). Furthermore,  s igns  of a u to x id a t iv e  c e l l u l a r  i n ju r y  manifested  
by an in c rease  in hepa t ic  c a t y l a s e  a c t i v i t y ,  peroxisomal f a t t y  o x ida t ion  and 
p r o l i f e r a t i o n  of l i v e r  peroxisomes have been a t t r i b u t e d  to  th e  e f f e c t  of 
var ious  environmental chemicals ( e .g .  ace ty l  s a l i c y l i c  a c id ;  S a k u ra i , e t  al_, 
1982), hypolipidaemic drugs ( c l o f i b r a t e ) , i n d u s t r i a l  p l a s t i c i z e r s  (p h th a la t e  
e s t e r s ) ,  or to  vitamin E - d e f i c i e n t  d i e t s  (Reddy, e t  al_, 1981).
In the absence of a n t i  o x id an ts ,  enhancement of ethane format ion caused 
by C$ 2  was only s l i g h t l y  l e s s  than ,  or  s im i l a r  to  (depending on co n ce n t ra t io n )  
t h a t  caused by CCl^ (Tables 4 and 8 ) .  Increased ethane format ion with CS2  or 
CCl^ was demonstrated in v i t r o  with l i v e r  microsomes of both phenobarbitone- 
and 3 -m e thy lcho lan th rene- t rea ted  r a t s .  E a r l i e r  r e p o r t s  o f  inc reased  diene 
conjugat ion  and enhanced UDP-glucuronyl transferase  a c t i v i t y  ( J à r v i s a l o  and 
Vainio ,  1978; J ë r v i s a l o ,  e t  al_, 1979) provide s t ro n g ,  suppor t ive  evidence f o r  
the  CSg-mediated l i p i d  pe rox ida t ion  in d ica ted  in the  p re sen t  s tudy by inc reased  
ethane production.
A number of xenobio t ics  of var ious  chemical s t r u c t u r e s  and p r o p e r t i e s  
( inc lud ing  carcinogens and non-carc inogens) were examined f o r  t h e i r  e f f e c t  
on ethane and e thylene  format ion by microsomes from e i t h e r  phenobarbitone- 
or 3 -m e thy lcho lan th rene- t rea ted  r a t s  (Tables 9 and 10). U n fo r tuna te ly ,  
s to red  microsomes were used in both i n s t a n c e s ,  with an inc reased  tendency to  
produce a s i g n i f i c a n t  amount of e thane and some e thy lene  in  the  presence of 
the  NADPH-generating system only.
The r e s u l t s  i n d i c a t e  t h a t  the  a b i l i t y  o f  these  chemicals t o  produce 
ethane i s  not r e l a t e d  to  carc inogen ic  potency (Tables 9,  10 and 11).
Differences  a ssoc ia ted  with t rea tm en t  of animals p r i o r  to  p re p a ra t io n  of 
microsomes a re  r e f l e c t e d  mainly with f lu o r e n e ,  benzo(a)pyrene and carbon 
t e t r a c h l o r i d e ,  which produced h igher  ethane y i e l d s  with phenobarbitone- 
t r e a t e d  r a t s ,  compared with 3-methylcholanthrene t re a tm en t .  S im i la r  e f f e c t s  
of animal tr ea tm ent  on CCI4-induced l i p i d  p e ro x id a t io n ,  monitored by both 
diene  conjugat ion spec t ra  and in  vivo e thane e x p i r a t i o n ,  were repo r ted  by 
Lindstrom and Anders (1978).
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Their  exp lana t ion  implied t h a t  microsomes from 3 -methylcholanth rene-  
t r e a t e d  r a t s  have a decreased c a p a c i t y . t o  bind CCl^ (and a l l  type I 
compounds;Schoeman,e t  aj_, 1969) to  the  cytochrome P-450 (P-448, and 
decreased cytochrome P-450 re d u c ta s e ,  and th e r e f o r e  have a lower 
a b i l i t y  to metabol ise  xenob io t ic s  to  r e a c t i v e  in te rm ed ia tes .  This 
may account fo r  th e  decreased t o x i c i t y  o f  CCl^ in vivo in 
3 -m ethy lcho lan th rene- t rea ted  r a t s  (Lindstrom and Anders, 1978).
Ani l ine  was the  only compound which induced ethane formation 
s l i g h t l y  more with microsomal p rep a ra t io n s  from 3 -methylcholanthrene-  
t r e a t e d  r a t s  (Tables 9 and 10).  Following the  explana t ion  given by 
Lindstrom and Anders (1978),  an inc reased  binding o f  type  I I  compounds 
to  cytochrome P-448, induced by 3 -methy lcho lan threne- t rea tm ent  might 
be a p o s s ib le  reason.  However, r e s u l t s  obtained with o the r  compounds 
in the  p re sen t  study (e .g .  Tables 9 and 10) do not agree with t h i s  
concept.
The lack o f  e f f e c t  o f  t h e se  chemicals on alkane production from 
microsomal p rep a ra t io n s  in v i t r o  may be because the  chemicals i n h i b i t  
NADPH-dependent genera t ion  o f  hydroxyl r a d i c a l ,  and o the r  r e a c t i v e  
oxygen s p e c i e s ,  by a c t in g  as accep to rs  f o r  th e se  spec ies  with consequent 
o x id a t iv e  metabolism. Fur thermore ,  t h e se  chemicals might i n i t i a t e  
o th e r  a u to x id a t iv e  r e a c t i o n s ,  a f t e r  t h e i r  microsomal metabolism to  
r e a c t i v e  in t e rm e d ia te s ,  by i n t e r a c t i o n  with c y to s o l i c  f l a v o p r o t e in  
ox ido reduc tases ,  which would only become m anifes t  with the  use of  whole 
homogenates, or in vivo experiments .
The e f f e c t  of benzo(a)pyrene on formation o f  ethane has been 
checked a l so  with f r e sh  microsomal p repa ra t ions  from phenobarbitone-
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r a t s  (Table 11).  Although the  abso lu te  values  from the  experiments 
with f r e sh  and s to red  microsomes cannot be d i r e c t l y  compared, t r en d s  
of  changes ( r e l a t e d  t o  the  corresponding co n t ro l s  or " p o s i t iv e"
co n t ro l s  employing CCl^) appear to  be s i m i l a r ,  which tends to  v a l i d a t e  
the  r e s u l t s  obtained with s to red  microsomes (Tables 9 and 10).
E f fec t  o f  Chemical-Induced Lipid  Peroxida t ion  in v i t r o  on cytochrome P-450.
Stimula t ion  of NADPH-dependent microsomal l i p i d  pe rox ida t ion  by FeClg 
and ADP has r e c e n t ly  been shown to  r e s u l t  in s i g n i f i c a n t  and rep ro d u c ib le
d e s t r u c t io n  of  microsomal haem and cytochrome P-450 (Schacter, e t  a l ,
1972). The major po r t ion  of  th e  haem degraded was accounted f o r  by
d e s t r u c t io n  o f  cytochrome P-450.
Membrane l i p i d  pe rox ida t ion  was a l so  shown to  be an o b l ig a to r y  i n t e r ­
mediate s tep  between the  metabolism of  CCl^ and the  loss  of  key c a t a l y t i c  
p ro p e r t i e s  of  th e  endoplasmic re t i cu lum ,  inc luding glucose 6 -phosphatase  
and cytochrome P-450 (Glende e t  a l ,  1976). The presen t  s tudy provides  
evidence t h a t  pe rox ida t ion  o f  microsomal l i p i d s  monitored by e thane 
production i s  a l s o  l inked  to  the  loss  o f  cytochrome P-450 (Tables 4 ,  8 ,
9,  10 and 11),
The exact chemical mechanism of t h i s  d e s t ru c t io n  of  enzymes by l i p i d  
perox ida t ion  i s  a t  p re sen t  unc lea r .  The favoured e xp lana t ion ,  supported 
by inc reas ing  ev idence ,  i s  t h a t  membrane-bound enzymes might be des t royed  
d i r e c t l y  by a t t a c k  of to x ic  products of  l i p i d  perox ida t ion .  For i n s t a n c e ,  
pe rox id iz ing  microsomes conta in  a t o x i c  e n t i t y  (poss ib ly  malondia ldehyde)  
capable  of haemolyzing e ry th rocy te s  (Roders ,e t  a]_, 1977) and k i l l i n g  
parameocia (Recknagel and Turocy, 1977). Haemolytic a c t i v i t y  appears  
in d i a ly s a t e s  of  pe rox id iz ing  microsomes (B e n ed e t t i , e t  a l ,  1974) and l i p i d s  
ex t ra c te d  from peroxid ized  microsomes a re  haemolytic (W il ls ,  e t  al_, 1969;
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Pesh-Imam,et a l ,  1978). In a d d i t i o n ,  l i p i d s  ex t rac ted  from peroxid ized  
microsomes markedly decrease  the  cytochrome P-450 con ten t  and glucose  
6-phosphatase a c t i v i t y  of  i n t a c t  non^peroxidised microsomes (Hruszkewycz, 
e t  al_, 1978).
Loss of cytochrome P-450 found in the  present study i s  always 
accompanied by increased ethane production (Tables ,  4 ,8 ,9 ,1 0  and 11).  
These two events are n o t ,  however, l i n e a r l y  dependent. For i n s t a n c e ,  
a 3 - fo ld  inc rease  in ethane formation induced by CCl^ (1 mM) i s  
p a r a l l e l e d  by a 10-fold  decrease  in cytochrome P-450 (Table 11),  o r  a 
3 - fo ld  inc rease  in CSg (1 mM)-induced formation of ethane i s  
accompanied by only a 2 - fo ld  decrease  in cytochrome P-450 (Table 4a) .
Some an t i  o x i d a n t s , e .g .  GSH or vitamin E, seem t o  con tro l  e thane  
production due to  CS^, without showing any p ro te c t iv e  e f f e c t  towards 
cytochrome P-450 (Tables 6 and 7 ) ,  while  NET appears to contro l  both 
(T>ble 6 ) ,  and EDTA i n h i b i t s  cytochrome P-450 catabolism without
exe r t in g  any p ro te c t iv e  e f f e c t  on GS^-induced ethane production 
(Table 6).  None of  the  an t i  ox idants  s tud ied  was e f f e c t i v e  in prevent ing  
the  loss  of cytochrome due to  GGl^-induced perox ida t ion  of  membrane
l i p i d s  (Tables 5, 6 and 7) .
These f ind ings  in d ic a te  the  complex na ture  of  th e  mechanism by which 
Xenobiot ic-induced l i p i d  pe rox ida t ion  i s  l inked to  both fu n c t io n a l  and 
physical  in ju r y  of  the  endoplasmic re t i cu lu m ,  accompanied by d e s t r u c t i o n  
of  key microsomal enzymes and followed by d i s ru p t io n  of o th e r  c e l l u l a r  
s t r u c t u r e s  and , i f  s eve re ,  to  c e l l  death .  More d e t a i l e d  s t u d i e s ,  
inc luding  s tu d ie s  with the  in v i t r o  system fo r  monitor ing th e  format ion 
of a lk an es ,  a re  needed fo r  e lu c i d a t i o n  of t h i s  mechanism.
The p resen t  study has ,  however, provided evidence t h a t  chem ica l ly -  
induced l i p i d  perox ida t ion  i s  always l inked  to  lo ss  of cytochrome P-450.
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This opens the  p o s s i b i l i t y  of  t e s t i n g  environmental  chemicals fo r  
p o t e n t i a l  to  e l i c i t  a u to x id a t iv e  damage by th e  use of the  simple 
and s e n s i t i v e  measurement of cytochrome P-450.
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CHAPTER 5
SENSITIVITY OF MIXED-FUNCTION OXIDASE DETERMINATIONS FOR 
HUMAN CELL STUDIES. INTERSPECIES COMPARISON OF SOME MIXED- 
FUNCTION OXIDASE ACTIVITIES.
_ 125 -
INTRODUCTION
Differences  among species  in t h e i r  a b i l i t y  to  metabolise  
chemical compounds are  well known and well documented by many 
l a b o r a t o r i e s .  Both q u a l i t a t i v e  and q u a n t i t a t i v e  a n a ly s i s  of these  
d i f f e r e n c e s  would help to  p r e d i c t  in man th e  p a t t e r n  of metabolism of  
d rugs ,  food a d d i t i v e s ,  cosmetics and i n d u s t r i a l  and environmental 
p r o d u c t s , and a l so  to  reveal t h e i r  p o t e n t i a l  hazard to  human 
h e a l th .
Many of these  fo re ign  compounds have been shown to  be ca rc inogen ic .  
There a re  two approaches f o r  t e s t i n g  the  carc inogenic  p o t e n t i a l  of 
chemicals .  The t r a d i t i o n a l  approach, which i s  s t i l l  considered to  be 
of g r e a t e s t  va lue ,  i s  the  a d m in is t r a t io n  of t e s t  compounds to  l a b o ra to ry  
animals throughout t h e i r  l i f e - s p a n  and examination f o r  th e  appearance of 
benign and malignant  tumours in a p p ro p r i a t e  i n t e r v a l s  of t ime.  These 
l i f e - s p a n  s tu d ie s  are  very demanding of resources  in t h a t  a) l a rg e  
numbers of  lab o ra to ry  mammals a re  needed f o r  each chemical t e s t e d ,  and 
b) a minimum of  two years  i s  requ ired  f o r  completion,  and t h r e e  years  to  
o b ta in  the  r e s u l t s ,  depending on th e  animal spec ies  used.  The re fo re ,  
in  p r a c t i c e ,  animal s tu d ie s  in vivo a re  r e s t r i c t e d  to  only a small group 
of  suspected carcinogenic  subs tances .  The a l t e r n a t i v e  approach i s  t o  
use sho r t - t e rm  in v i t r o  t e s t s  which employ b a c t e r i a  or animal t i s s u e s ,  
or both.
There a re  severa l  t e s t s  now g e n e r a l ly  accepted by r e g u la to ry  
a u t h o r i t i e s  f o r  screening the  carc inogen ic  p o t e n t i a l  of chemicals .  The 
most popular of the se  t e s t s  i s  the  Ames' t e s t  (Ames, ert al_,1973), in
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which b a c t e r i a l  systems wi th  added l i v e r  microsomes are  used to reveal 
DNA-damaging compounds which re q u i re  metabolic  a c t i v a t i o n .  Another such 
t e s t ,  developed by Williams and Rabin (1971) i s  based on the a b i l i t y  
o f  carcinogens to d i s s o c i a t e  polysomes from the rough endoplasmic 
re t i cu lum .  Yet another  t e s t  has been proposed by McPherson, e t  a l , (1974) 
in  which microsomal p rep a ra t io n s  o f  l i v e r  e x h i b i t  a s p e c i f i c  enhancement 
o f  cytochrome P-448-mediated biphenyl 2-hydroxyla tion  following s h o r t ­
term t rea tm en t  o f  animals with  carc inogens .  Many o th e r  sh o r t - t e rm  in  
v i t r o  t e s t s  have proved to be usefu l  in  the  screen ing  o f  compounds fo r  
m u ta g e n ic i ty /ca rc in o g e n ic i ty  bu t  only a s e r i e s  o f  such t e s t s  i s  l i k e l y  
to provide the r e l i a b i l i t y  most u n l ik e ly  to  be obtained with  a s in g le  
t e s t  (Bridges ,  1976). However, no m a t te r  how in d i s p u ta b le  the  v a l i d i t y  
o f  the shor t - te rm  in  v i t r o  t e s t s  per s e , t h e i r  s i g n i f i c a n c e  f o r  p re d ic t in g  
ca rc in o g en ic i ty  in man remains a r e l a t i v e  approximation in  t h a t  b a c t e r i a  
and r a t  l i v e r  are even l e s s  c lo se ly  r e l a t e d  to  man than are  whole 
la b o ra to ry  an im a ls .
Meanwhile, the  problem of  i d e n t i f y i n g  those environmental  chemicals 
t h a t  a re  p o t e n t i a l l y  carc inogen ic  fo r  man remains l a r g e l y  unreso lved .  
Benzo(a)pyrene i s  one o f  a g r e a t  number o f  carc inogenic  po lycyc l ic  
aromatic  hydrocarbons p re s e n t  in  the environment,  and i s  em i t ted  in to  
the a i r  in  the United S ta t e s  a t  approximately 1,300 tons pe r  annum.
I t  probably presents  a s u b s t a n t i a l  t h r e a t  to human hea l th  and, consequent ly ,  
has been very widely s tu d ie d .
The key enzyme system metabol iz ing  p o ly cy c l ic  aromatic  hydrocarbons,  
lead ing  to both d e t o x i f i c a t i o n  and a c t i v a t i o n ,  i s  the  m ixed-func t ion  
ox idase ,  aryl  hydrocarbon hydroxylase (AHH). AHH is  in d u c ib le  by many
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p o ly cy c l ic  aromatic  hydrocarbon carcinogens and has been found in  many 
mammalian t i s s u e s  inc lud ing  l i v e r ,  lung , i n t e s t i n a l  mucosa, t h y ro id ,  
t e s t i s ,  adrenal  co r tex  (Wattenberg & Leong, 1962), s t r i a t e d  muscle 
(Nebert  & Gelboin,  1969), p lacen ta  (Welch,e t  al_, 1968; Ne be r t ,  e t  a l ,
1969),  and sk in  (Wattenberg & Leong, 1970; Neber t ,e t  al_, 1970; Levin,  
e t  j H ,  1972a), and has been repo r ted  in  human monocytes (B a s t ,  e t  a l ,
1974),  pulmonary a l v e o l a r  macrophages (Busbee,ejb al_, 1972; P ta sh n e ,e t  a l , 
1974), and m i togen -ac t iva ted  lymphocytes (Busbee,ej^ al_, 1972;Whitlock, 
e t  a l ,  1972),  and a l so  in  po ik i lo the rm ic  v e r t e b ra te s  (Malacinski & 
B ro the rs ,  1974).
Conney,e t  a l ,  (1957) were the  f i r s t  to use 3 ,4-benzo(a)pyrene  to 
measure AHH. Since then ,  the  metabolism o f  benzo(a)pyrene (BP) expressed  
in  terms o f  f l u o r e s c e n t  eq u iva len ts  formed, has been widely used in  
t e s t s  eva lu a t in g  the  induc t ion  o f  AHH by po lycyc l ic  hydrocarbons . The 
t e s t  i s  rap id  and very s e n s i t i v e ,  due to the in tense  f luo rescence  o f  
the 3-hydroxybenzo(a)pyrene and o th e r  phenol ic  products  formed, and small 
amounts o f  product and i n i t i a l  r e a c t io n  r a t e s  can r e a d i ly  be determined.  
However, d e sp i t e  the advantages,  the f l u o r im e t r i c  assay i s  n o n - s p e c i f i c  
in t h a t  i t  r e l a t e s  AHH a c t i v i t y  to only two metabolic  products  ( i . e .
3-hydroxy and 9-hydroxy benzo(a)pyrene) among a d i v e r s i t y  o f  products  
being synthes ized  (Conney,e t  al_, 1957; Nebert & Gelboin,  1968; Yang, 
e t  a L  1975). Benzo(a)pyrene i s  metabol ized in  mammalian t i s s u e s  by AHH, 
suppor t ing  enzymes and non-enzymic processes to  a r e ne ox id e s ,  p h e n o ls , 
qui nones,  d ihydrod io ls  and various  conjugates (H o ld e r ,e t  al_, 1974;
Nemoto & Gelboin,  1975; Nemoto & Gelboin,  1976; Nemoto,e t  a l ,  1977;
Sims & Grover, 1974). The a r e ne ox ide ,  BP-7 ,8-dihydrodio1 -9 ,10 -o x ide 
(L ev in ,e t  al_, 1976) i s  considered to  be one o f  the u l t im a te  ca rc inogen ic  
products o f  BP metabolism. Unfor tuna te ly ,  the f l u o r i m e t r i c  BP assay  g ives
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n e i t h e r  informat ion about the nature  o f  m etabo l i te s  produced, nor about 
the r e l a t i o n s h i p  between the i n t r a c e l l u l a r  concen t ra t ions  o f  h ighly  
r e a c t iv e  spec ies  and the  malignant t rans fo rm at ion  o f  c e l l s .
Burke & Mayer (1974) app l ied  another s u b s t r a t e  to the  s tudy o f  
cytochrome P-450 a c t i v i t y ,  i . e .  e th o x y re so ru f in ,  which appears  to be very 
s p e c i f i c  i n  the e v a lu a t io n  of  cytochrome P-448 induc t ion  by carc inogen ic  
chemicals.  The so le  m etabo l i te  o f  t h i s  cytochrome P-448-mediated 
d e - e th y la t i o n  r e a c t i o n ,  namely, r e s o r u f i n ,  i s  h ighly  f l u o r e s c e n t ,  in  
c o n t r a s t  to  the  s u b s t r a t e  e th o x y re so ru f in ,  which th e re fo re  does not 
i n t e r f e r e  with  the assay .  Moreover, the re  i s  no need f o r  e x t r a c t i o n  o f  
the product.  Thus the d i r e c t  f l u o r im e t r i c  assay f o r  the  0-de - e t h y l a t i o n  
o f  r e s o r u f in  i s  simple and provides a very s e n s i t i v e  and s p e c i f i c  method 
fo r  measuring small q u a n t i t i e s  o f  cytochrome P-448-mediated mixed- 
func t ion  oxidase  a c t i v i t y .
In t h i s  s tudy the comparison o f  the s e n s i t i v i t y  and s p e c i f i c i t y  o f  
the f l u o r i m e t r i c  assays fo r  the  hydroxyla tion o f  benzo(a)pyrene ,  2-  and
4-biphenyl hydroxy la t ion ,  and the 0 -d e -e th y la t i o n  o f  e th o x y re so ru f in  was 
undertaken. The methods were compared using r a t  and hamster l i v e r s  o f  
non-induced, phenobarbitone- and 3-methylcholanthrene- induced an imals .
MATERIALS AND METHODS
Animals: Male, Wistar Albino r a t s  (140-150 g body w t . )  o r  male ,  Syr ian 
hamsters (80-90 g ) ,  were allowed food (Lab. S p r a t t ' s  p e l l e t e d  d i e t )  and 
water  ad l i b i t u m , u n t i l  they were k i l l e d .  They were p r e t r e a t e d  by 
i n t r a p e r i t o n e a l  i n j e c t i o n s  with  e i t h e r  s a l i n e  (0 .5  m l) ,  sodium pheno­
b a rb i tone  in  s a l i n e  (80 mg/kg body wt,  0.5 ml) ,  corn o i l  (0 .5  m l) ,  o r  
3-methylcholanthrene in  corn o i l  (30 mg/kg body wt,  0.5  ml) once d a i l y  
fo r  3 days.  The l a s t  i n j e c t i o n  was given 24 h before  dea th .
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P rep a ra t io n  o f  Microsomes: The l i v e r s  were homogenised in  4 volumes o f  
i c e - co ld  1.15% (w/v )  KC1. The homogenate was cen t r i fuged  a t  9,000xg f o r  
20 min. P a r t  o f  the 9,000 x g su p e rn a tan t  was used fo r  enzyme assays and 
the remaining s u p e rn a ta n t  was c en t r i fuged  a t  105,000 x g fo r  60 min. The 
p e l le t  was resuspended i n  1.15% (w/ v )  KC1 and cen t r i fu g ed  again a t  105,000xg
fo r  60 min. The microsomal p e l l e t  was resuspended in  0.1M phosphate 
b u f f e r ,  pH 7 .4 ,  to give a suspension corresponding to  1 g l i v e r  in  1 ml.
The microsomal p re p a ra t io n  was s to re d  a t  -40°C u n t i l  i t  was used,  bu t  no 
longer than 2 weeks.
Benzo(a)pyrene Hydroxylat ion A c t i v i t y : The assay has been c a r r i e d  out 
according to Nebert and Gelboin (1968) and Yang>et^ eü, (1978) ,  b u t
with  some m o d i f ic a t io n s .  The r e a c t io n  m ix ture ,  contained in  a t o t a l  volume 
of  1 ml, 100 pmol potassium phosphate b u f f e r ,  pH 7 .4 ,  3 ymol MgCl , 25nmol
EDTA, 5 pmol glucose  6-phosphate ,  1 pmol NADP, 0.5  ymol NADH, 25 ymol 
nicotinamide and 0.005 to  3 .0  mg o f  microsomal p ro te in .
When the 105,000 x g microsomal f r a c t i o n  was u sed ,0.2 mg albumin 
(A lv a r e s , e t  al_, 1970a)was a l so  added. The r e a c t io n  mixture was p re ­
e q u i l i b r a t e d  a t  37°C fo r  2-3 min and the  hydroxyla tion r e a c t io n  s t a r t e d  
by the  add i t io n  o f  80 nmol o f  benzo(a)pyrene in  25 yl o f  ace tone .  The 
incubat ion  was performed in  a shaking water  bath a t  37°C under subdued 
l i g h t  ( u .v .  l i g h t  hydroxyl a te s  benzo(a) pyrene) and was stopped a f t e r  6 min 
by the a d d i t io n  o f  1 ml o f  co ld  ace tone ,  followed by 3 ml hexane.
Incubation mixtures were e x t r a c t e d  f o r  10 min a t  37°C in  a r o t a r y  shaker  
a t  30 rev /m in .  A f te r  5 min c e n t r i f u g a t i o n  a t  2,000 rpm, 2 ml o f  the 
o rgan ic  phase was e x t r a c t e d  with  4 ml o f  1 M NaOH. The f luo rescence  o f  
the  aqueous phase was measured with  a c t i v a t i o n  a t  396 nm and emission  
a t  522 nm in  Perkin-Elmer MPF-3 spec t ro f luo rom e te r ;  3-hydroxybenzo(a)pyrene ,
-1  30 -
used as a s tandard  was run in  p a r a l l e l  with  each assay .  Blank values 
were ob ta ined  by adding the s u b s t r a t e  when the r e a c t io n  has been stopped 
with 1 ml o f  cold acetone followed by 3 ml hexane. The benzo(a)pyrene  
hydroxylase a c t i v i t y  i s  expressed in pmol product formed/min per mg p ro te in .
Fluorene ,  Phenanthrene,  D ibenz(a ,h)anthracene ,  D iben z (a , i )p y ren e ,  Dibenz 
(b ,e )p y re n e ,  and Benzo(a)pyrene Hydroxylase A c t i v i t i e s : The assay was
c a r r i e d  o u t  as in  the procedure o u t l in ed  above fo r  benzo(a)pyrene 
hydroxyla t ion  a c t i v i t y  except  t h a t  0.2 mg o f  microsomal p r o t e in  and 100 nmol 
o f  the r e l e v a n t  s u b s t r a t e  in  1 ml o f  incubat ion  mixture e x t r a c t s  were 
monitored in  a range o f  300-600 nm o f  both e x c i t a t i o n  and emission wave­
lengths  in  o rd e r  to determine maximal f luorescence  fo r  a r e l e v a n t  
m e t a b o l i t e ( s ) .
Biphenyl 2- and 4-hydroxyla t ion  A c t i v i t y : The method o f  Creaven. e t  a l , (1965) ,
s l i g h t l y  modif ied ,  was used. A t o t a l  volume of 2 ml o f  th e  r e a c t io n  mixture 
conta ined 25 ymol Tris-HCl b u f f e r ,  pH 8 .1 ,  10 ymol MgCl2 , 15 ymol glucose
6-phosphate ,  1.5 ymol NADP, 4 un i t s  glucose 6-phosphate dehydrogenase and 
0.5-14 mg microsomal p r o t e in .  The re a c t io n  system was p re - incuba ted  a t  
37°C f o r  2 min and the hydroxylation re a c t io n  was s t a r t e d  by adding 3 ymol 
o f  biphenyl d is so lv ed  in  0.05%(v/v)Tween 80 s o lu t io n  (0 .5  ml in to  1.5 ml o f  
r e a c t i o n  m ix tu re ) .  The incubat ion was c a r r i e d  ou t  fo r  10 min a t  37°O in  a 
shaking water  bath and was terminated by a d d i t io n  o f  0.5 ml 4 M HC1.
Standards o f  2 - hydroxy- and 4-hydroxy-biphenyl were processed in  p a r a l l e l  
wi th  each a ssay .  Blank values were obta ined by adding the s u b s t r a t e  when 
the r e a c t io n  had been stopped with 0.5 ml o f  4 M HC1. The mixtures  were 
e x t r a c te d  with  7 ml 1.5% (y/v)  isoamyl alcohol in  i so -o c tan e  using a r o t a r y  
shaker  a t  30 rev/min a t  room temperature fo r  15 min.  A f te r  10 min 
c e n t r i f u g a t i o n  a t  2,000 rpm, 2 ml o f  organic  phase was e x t r a c t e d  with 5 ml 
o f  0.1 M NaOH and cen t r i fuged  as b e f o r e . The aqueous phase (2 ml) was mixed
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in a cuvet te  with 0.5 ml o f  su c c in ic  ac id  (0.5M) and 2- and 4-hydroxy- 
biphenyl concen tra t ions  were determined with a Perkin-Elmer MPF 3 sp e c t ro -  
f l u o r im e te r :  2-hydroxy a t  290 nm ( e x . ) ,  415 nm (em.) and 4-hydroxy a t  
275 nm ( e x . ) ,  338 nm (em.) .  The biphenyl 2- and 4-hydroxylase  a c t i v i t i e s  
are  expressed  in  ymol o f  product  formed/h/per  g o f  l i v e r .
7 - Ethoxyresoruf in  0 -d e -e th y la t io n  A c t i v i t y : The method o f  Burke and Mayer (1974) 
was used with  minor m od i f ica t ion .  The assay was c a r r i e d  ou t  as fo llows: 
a f lu o r im e te r  c u v e t t e , the  r e a c t io n  v e s s e l ,  contained in  a t o t a l  volume 
2.5 ml,  250 ymol Tris-HCl b u f f e r ,  pH 7 .8 ,  230 nmol EDTA, 0 .0 3 -0 .8  mg micro­
somal p ro te in  and 2.5 nmol e thoxyre so ru f in .  A b ase l in e  of f lu o rescence  was 
recorded a t  an e x c i t a t i o n  wavelength o f  510 nm and emission wavelength o f  
586 nm, using a 3 nm s l i t  wid th .  The d e - e th y l a t i o n  r e a c t io n  began on 
a d d i t io n  o f  NADPH (313 nmol in 10 yl b u f fe r )  and the p rogress ive  in c rease  
in  f luorescence  was recorded. The f lu o r im e te r  was c a l i b r a t e d  with 10 yl 
o f  r e s o r u f i n  (0.01 mM in  e thanol )  added to 2.5 ml o f  0.1 M Tris-HCl b u f f e r , 
pH 7 .8 .  7-E thoxyresorufin  0 -d e -e th y la se  a c t i v i t y  i s  expressed in  pmol 
product formed/min per mg.
Other -assays : Microsomal p ro te in  was measured by the  method o f  Lowry,et  a l , 
(1951) and cytochromes P-450 by the method o f  Omura and Sato (1964a ,b) .
RESULTS
Cytochrome P-450 and P-448-dependent microsomal mixed-function  oxidase  
a c t i v i t i e s  were compared fo r  s p e c i f i c i t y  and s e n s i t i v i t y  us ing r a t  and 
hamster l i v e r s .  The r e s u l t s  obta ined  in  t h i s  s tudy were supplemented with 
the  r e s u l t s  o f  o th e r  workers published e lsewhere ,  to  give a more d e t a i l e d  
d e s c r ip t i o n  o f  spec ies  d i f f e r en c es  in  the  induc t ion  o f  microsomal enzymes 
by phenobarbitone and 3-methylcholanthrene.
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Cytochrome P-450 and P-448 con ten ts  obta ined  in  t h i s  s tudy are  
presented  in  p a r a l l e l  with da ta  from Alvares (1970b),Burke and Bridges 
(1975) and K ato ,e t  al_, (1970) (Table 1 ) .  Both phenobarbitone and 
3-methylcholanthrene t r ea tm en t  caused a 1.5 to 2 .5 - f o ld  in c rease  
in  cytochrome P-450 (o r  P-448) con ten t  in  the  l i v e r  o f  r a t ,  mouse, 
hamster and guinea p ig .  The cytochrome P-448 induc t ion  by 3-methyl-  
cholanthrene t r ea tm en t  was o f  a sm a l le r  degree than t h a t  o f  phenobarbitone-  
induced cytochrome P-450 in  the r a t  (A lv a re s ,e t  a l ,  1970b;Kato ,e t  a l ,
1970 and our own r e s u l t s )  and the  mouse (A lv a re s ,e t  a l ,  1970b). The same 
range o f  induc t ion  fo r  cytochrome P-450 and P-448 was obta ined  in  the 
hamster (our  own r e s u l t s  and Burke & B r id g e s , 1975) and in  guinea pig 
(A lva res ,e t  al_, 1970b). The r e s u l t s  o f  t h i s  s tudy were reasonably  
c o n s i s t e n t  with published d a ta .
For a l l  enzyme de termina t ions  the v a r i a t i o n  in  the amount o f  product 
formed with  the concen t ra t ion  o f  p r o t e in  was i n v e s t i g a t e d .
Benzo(a)pyrene Hydroxylase: Fig.  1 gives the r e s u l t s  f o r  r a t .  The r e a c t io n  
was l i n e a r  up to a t  l e a s t  0.6 mg pro te in /ml f o r  the  9,000 x g su p e r n a ta n t  
and up to 0 .2  mg/ml fo r  the  microsomal f r a c t i o n .
Fig.  2 gives the r e s u l t s  f o r  hamster.  The re a c t io n  was l i n e a r  up to 
1 mg prote in /ml fo r  the  9,000 x g s u p e rn a ta n t  and 0.2 mg/ml fo r  the  micro­
somal f r a c t i o n .
Ethoxyresoruf in  O-Oe-e thylase: F ig . 3 gives the r e s u l t s  f o r  r a t  and hamster 
microsomal f r a c t i o n .  For r a t  and hamster the  r e a c t io n  was l i n e a r  up to 
0 .2  mg p r o t e i n / m l .
Biphenyl 2-Hydroxylase: Fig.  4 gives the r e s u l t s  fo r  r a t .  The r e a c t io n  was 
l i n e a r  up to  4 mg pro te in /ml fo r  the  9,000 x g s u p e rn a ta n t  and 0 .5  mg/ml f o r  
the microsomal f r a c t i o n .
Fig.  5 gives the  r e s u l t s  fo r  hamster.  The r e a c t io n  was l i n e a r  up to
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Table 1
EFFECT OF PHENOBARBITONE (PB) OR 3-METHYLCHOLANTHRENE (3-MC) ON THE 
CYTOCHROME P-450 CONTENT OF ANIMAL LIVER
a Cytochrome P-450 con ten t  was determined as d e t a i l e d  in  M ate r ia l s  and 
Methods. Male, Wis tar a lb ino  r a t s  (weighing 140-150 g) and male Syr ian 
(DSN) hamsters (weighing 85-95 g) were used.
Values are  the  means f o r  th ree  animals + S.E.M.
b Alvares ,  e t  al  (19.70b);male Sprague-Dawley r a t s  (210-240 g body w t . ) , male 
Swiss-WebsTer mice (25-28 g body w t . ) ,  male Hart ley  guinea pigs (550-650 g body 
w t . )  were used.
c Burke & B r i d g e s , (1975) ;used male a d u l t  Syr ian hamsters ,  pure golden s t r a i n .
d Kato, e t  al_,(1970);male Wistar a lb ino  r a t s  (180 g body w t . )  were used.
Figures in  pa rentheses  in d i c a t e  t e s t  values as a percentage  o f  c o n t r o l s .
. Animal Cytochrome P-450 (nmol/mg microsomal p ro te in )
treatment
P resen t  s tudy3 Alvaresb Burkec Kato
Rat
s a l i n e
PB
0.70+0.05 
1.53+0.19 (217)
0.59
1.11 (188)
0.99
1.69 (171)
corn o i l  
3-MC
0.82+0.04 
1.39+0.05 (170) 0.93 (158) 1.38 (139)
Hamster
s a l i n e
PB
0.60+0.05 
1.58+0.14 (264)
1 .40+0.10 
1.98+0.35 (141)
Corn o i l  
3-MC
0.70+0.03 
1.83+0.12 (261)
- 0.87+0.10 1 .65+0.10 (190)
Mice
s a l i n e
PB
0.49
1.20 (245)
3-MC 0 . 6 6 ( 1 3 5 )
Guinea pig 
s a l i n e  
PB
0.67 .
1.10 (164)
3-MC 1.01 (151)
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Figure 1. A c t iv i ty  o f  benzo(a)pyrene  hydroxylase in r a t  l i v e r  microsomes 
with varying concen t ra t ions  o f  microsomal p r o t e i n . The upper f ig u r e  r e f e r s  
to  the  9,000 x g sup e rn a tan t  and the  lower f ig u re  r e f e r s  to 105,000 x g 
microsomal p r e p a ra t io n .  The benzo(a)pyrene hydroxylase a c t i v i t y  was measured 
f o r  s a l i n e  ............   phenobarbitone  corn o i l ----------- , and 3-methyl­
c h o l a n t h r e n e   t r e a t e d  r a t s ,  as descr ibed  in M ate r ia ls  and Methods.
The values are  the  means o f " d u p l i c a te  de te rminations  with microsomal 
p repa ra t ions  i s o l a t e d  from th re e  animals o f  each t r ea tm en t .
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Figure  2. A c t iv i t y  o f  benzo(\a)pyrene hydroxylase  in  hamster l i v e r  microsomes 
with  Varying concen t ra t ion  o f  microsomal p r o t e i n . The upper f i g u r e  r e f e r s  to 
the  9,000 x g sup e rn a tan t  and the  lower f i g u r e  r e f e r s  to the  105,000 x g 
microsomal p re p a r a t io n .  The benzo(a)pyrene hydroxylase  a c t i v i t y  was measured
f o r  s a l i n e   ...........   p henobarb i tone_______  corn o i l  , and 3-methy lcho lan threne
 , t r e a t e d  hamsters ,  as descr ibed  in  M ate r ia l s  and Methods. Number o f
experiments as in  Fig .  1.
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Figure 3.  A c t iv i t y  o f  e thoxyresoru f in  O-de-e thylase  in r a t  (upper f ig u re )  
and hamster ( lower f ig u re )  l i v e r  microsomes (105,000 x g p rep a ra t io n )  w i th_  
varying concen t ra t ions  o f  microsomal p r o t e i n . The a c t i v i t y  o f  e thoxyreso ru f in
O-de-e thylase  was measured f o r  s a l i n e  ........... .. phenobarbi t o n e > corn
o i l   , and 3 -m e th y lch o lan th ren e ---------- , t r e a t e d  r a t s  and h am ste rs , as
descr ibed  in  M ate r ia ls  and Methods. Number o f  experiments as in F ig .  1.
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Figure  4.  A c t iv i ty  o f  biphenyl 2-hydroxylase  in r a t  l i v e r  microsomes with 
varying concen t ra t ions  o f  microsomal p r o t e i n . The upper f i g u r e  r e f e r s  to  
the  9,000 x g supe rna tan t  and the  lower f ig u r e  r e fe r s  to  the  105,000 x g 
microsomal p r e p a ra t io n .  The biphenyl 2-hydroxylase a c t i v i t y  was measured
f o r  s a l i n e  ..............   phenobarbitone -------——  , corn o i l -, and
3 -m e th y lc h o la n th re n e -----------  , t r e a t e d  r a t s ,  as descr ibed  in M ate r ia l s
and Methods. Number o f  experiments as in  Fig .  1.
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2.5 mg pro te in /ml fo r  the  9,000 x g superna tan t  and 0.75 mg/ml fo r  the 
microsomal f r a c t i o n .
Biphenyl 4 -hydroxylase : Fig .  6 gives  the  r e s u l t s  fo r  r a t .  The r e a c t io n  
was l i n e a r  up to 2 mg/ml f o r  the  9,000 x g supe rna tan t  and 0.50 mg/ml
fo r  the  microsomal f r a c t i o n .
Fig .  7 gives the r e s u l t s  f o r  hamster.  The re a c t io n  was l i n e a r  up 
to 2 mg/ml fo r  the  9,000 x g s u p e rn a tan t ;  a l i n e a r  response was obta ined  
fo r  the  microsomal f r a c t i o n  in  the  range o f  p ro te in  concen tra t ion  s tud ied  
o f  0.25 -  1 mg/ml.
Cytochrome P-448-dependent BP hydroxylase a c t i v i t y  was compared fo r  
r a t s ,  hamsters ,  mice and guinea pigs (Table 2 ) .  The abso lu te  values  obta ined  
fo r  BP hydroxylase in  o the r  l a b o r a t o r i e s  d i f f e r  from our r e s u l t s .  This 
could be due to the d i f f e r e n t  s t r a i n  and age o f  animals used ,  to  d i f f e r e n c e s  
in  the  p repa ra t ion  o f  microsomes, o r  to the  d i f f e r e n c e  in  the enzyme assay 
i t s e l f ,  o r  to a combination o f  t h e s e .  Consequently,  a r e l a t i v e  change in  
enzyme a c t i v i t y  w i l l  be c o l l a t e d .  To begin w i th ,  our r e s u l t s  are  obta ined  
fo r  both 9,000 x g su p e rn a tan t  and 105,000 x g microsomal p e l l e t  f o r  both 
r a t s  and hamsters .  The values presented fo r  105,000 x g microsomal 
a c t i v i t y  a re  h igher  as compared w i th  9,000 x g sup e rn a tan t  a c t i v i t y ,  and 
the  in c rease  i s  propor t ional  fo r  each animal t re a tm en t .  From the r e s u l t s  
given in  Table 2 i t  i s  ev id en t  t h a t  the re  a re  cons iderab le  d i f f e r e n c e s  
among spec ies  in  the  cytochrome P-448- mediated BP-hydroxylase a c t i v i t y .
In r a t s ,  t r ea tm en t  with  3-MC caused 2 .4 - f o ld  (Razzouk,et; al_, 1978),
4 .5 - f o l d  (Alv a r e s , e t  j H ,  1970b) and 4 . 5 - f o l d  (our  own r e s u l t s )  in c rease s  
i n  BP-hydroxylase a c t i v i t y ,  compared with  PB-t r e a t e d  r a t s  where no in c r e a s e ,  
1 .3 - f o l d  and 2 - fo ld  in c rease  were obta ined  in Razzouk,e t  a l  , (1978),  
A l v a r e s , e t a l ,  1970b) and in our own l a b o r a to r y ,  r e s p e c t i v e l y .  An inve rse  
e f f e c t  was observed in  hamsters (our  own r e s u l t s )  and mice (A lva res , e t  a l ,  
1970b).  The induc t ion  o f  microsomal enzymes with PB in  these  spec ie s  led
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Figure 5.  A c t iv i ty  o f  biphenyl 2-hydroxylase in hamster l i v e r  microsomes 
with varying concentrations  o f  microsomal p r o t e i n . The upper f i g u r e  
r e f e r s  to  the  9,000 x g supe rna tan t  and the  lower f i g u r e  r e f e r s  to 
105,000 x g microsomal p r e p a r a t i o n . The biphenyl 2-hydroxylase  a c t i v i t y
was measured fo r  s a l i n e    phenobarbitone — ----- — , corn o i l  ---------
and 3 -m e th y lch o lan th ren e ---------- , t r e a t e d  hamsters ,  as desc r ibed  in
M ate r ia ls  and Methods. Number o f  experiments as in  F ig .  1.
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Figure 6.  A c t iv i ty  o f  biphenyl 4-hydroxylase  in r a t  l i v e r  microsomes with 
varying concen t ra t ions  o f  microsomal p r o t e i n .  The upper f i g u r e  r e f e r s  to  
9,000 x g supe rna tan t  and the  lower f ig u r e  r e f e r s  to  the  105,000 x g microsomal
p re p a r a t io n .  The biphenyl 4-hydroxylase  a c t i v i t y  was measured f o r  s a l i n e  ..............
phenobarbitone  ____  , , , corn oil  - ........... , and 3 -m e th y lc h o la n th re n e  , t r e a t e d
r a t s ,  as descr ibed  in M ate r ia l s  and Methods. Number o f  exper iments as in F ig .  1.
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Figure  7 .  A c t iv i t y  o f  biphenyl 4-hydroxylase  in  hamster l i v e r  microsomes 
with  varying concen tra t ions  of  microsomal p r o t e i n . The upper f i g u r e  r e f e r s  
to  the  9,000 x g supernatan t  and the  lower f i g u r e  r e f e r s  to th e  105,000 x g 
microsomal p re p a ra t io n .  The biphenyl 4-hydroxylase  a c t i v i t y  was measured f o r
s a l i n e  ........... .. phenobarbitone_______ _ corn o i l  ---------- , and 3-m ethy lcho lan threne
 , t r e a t e d  r a t s , as descr ibed  in M ate r ia l s  and Methods. Number o f
experiments as in Fig .  1.
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Table 2
EFFECT OF PHENOBARBITONE (PB) OR 3-METHYLCHOLANTHRENE (3-MC) PREATMENT IN VIVO ON MICROSOMAL 
BENZO(A)PYRENE (BP) HYDROXYLATION IN ANIMAL LIVERS
3 Male, W is ta r  a lb in o  r a t s  (140-150 g body w t . )  and male S y r ia n  (DSN) ham s te rs  (85-95 body w t . )  
were used  in  the  p r e s e t  s tu d y .
Values a re  p r e s e n te d  as the  means o f  a l l  v a lues  reco rded  in  the l i n e a r  range  o f  the  a s say  
( F i g s .  1 and 2) + S.E.M. 
h b
A lv a re s ,  e_t a l , (1970);  m ale ,  Sprague-Dawley r a t s  (210-240 g body w t . ) , male Sw iss-W ebster  mice 
(25-28 g body- w t . ) ,  male H a r t l e y  gu inea  p ig s  (550-650 g body w t . ) were u se d .
c F re u d e n th a l ,  e t  £1,(1975); m ale ,  Sprague-Dawley r a t s  w eighing 160-200 g were u se d .
d Razzouk, e t  a U  (1 9 7 8 ) ;a d u l t  male W is ta r  r a t s  weighing 200-250 g were u s e d .
F ig u re s  in  p a r e n th e s e s  i n d i c a t e  t e s t  va lu es  as a p e r c e n ta g e  o f  c o n t r o l s .
Animal
Treatm ent
B enzo(a)pyrene  Hydroxylase A c t i v i t y
P r e s e n t  s tudy  
pmol/min p e r  
mg p r o t e i n
Alvares 
jumol/h p e r  
g l i v e r
F reuden thal  
pmol/min per  
mg p r o t e i n
Razzouk
Vmax: nmol/
min p e r  mg p r o t e i n
Rat
9,000xg s u p e rn a t a n t
s a l i n e 1.35+0.15 2.92+0.17 3 .43
PB 2.8 3+0 .18  (210) 3 .81+0.19  (130) 3 .4 9  (102)
c o rn  o i l 1 .38+0.13
3-MC 6.29+0 .30  (456) 13.05+0.44 (447) 8 .22  (240)
105,000xg p e l l e t
s a l i n e 6.49+0.47 50 .4
PB 11.34+1.01 (175)
co rn  o i l 7 .37+0.16
3-MC 33.49+1 .65  (454) 128.7 (255)
Hamster
9 ,000xg s u p e r n a t a n t
s a l i n e 9 .98+1 .00
PB 28.06+1 .25  (281)
corn  o i l 13 .33+0.43
3-MC 13.77+1.85 (103)
105,000xg p e l l e t
s a l i n e 28 .71+1.37
PB 66.05+14.08 (230)
co rn  o i l 34 .38+3.18
3-MC 32.99+4.73 (96)
Mouse
9,000xg s u p e r n a t a n t
s a l i n e 1 .82+0.13
PB 6 .13+0 .75  (337)
3-MC 3 .5 0+ 0 .38  (192)
G uinea-p ig
9 ,000xg s u p e r n a t a n t
s a l i n e 2 .07+0.19
PB 6 .15+0 .78  (297)
3-MC 5.08+0 .26  (245)
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to  h igher  BP-hydroxylase a c t i v i t y  (3 - f o ld  and 3 .4 - f o ld  in c rease s  versus 
con tro l  va lues  in  hamsters and mice,  r e s p e c t i v e l y ) ,  compared with  the 
a c t i v i t y  measured a f t e r  3-MC induct ion  [no induc t ion  in  hamsters and 
2 - fo ld  in duc t ion  in  mice) .  The guinea pig gave an in te rm ed ia te  response ; 
both PB and 3-MC t rea tm en t  caused enhancement o f  BP-hydroxylase a c t i v i t y  
by 2 .5 - 3 - f o ld  [A lv a re s , e t  al_, 1970b).
Table 3 shows the r e s u l t s  obta ined  fo r  ano ther  P-448-dependent 
enzyme i . e .  e thoxyresoru f in  d e -e th y la s e .  Phenobarbitone induc t ion  did 
not change the magnitude o f  e thoxyresoru f in  d e -e th y la t io n  (as measured 
a g a in s t  c o n t r o l ) e i t h e r  in r a t s  o r  in  hamsters (our  own s tu d i e s  and Burke, 
e t  a j ,  1977b). In c o n t r a s t ,  3-MC induced e thoxyreso ru f in  d e - e t h y l a t i o n  
g r e a t l y .  In hamsters ,  a 17-fo ld  in c rease  was repor ted  by Burke, and
5 .5 - f o ld  in c rease  was obta ined  in  our l a b o ra to ry .  In r a t s ,  a 200-fold  
in c rease  according to Burke,eit a/L, (1977b) and a 22-fo ld  in c re a s e  from our 
own r e s u l t s . The p a t t e rn  ô f  changes obta ined  in our own and B u rk e ,e t  a l , 
(1977oJlaboratories i s  the same, d e sp i t e  d i f f e r en c es  in  th e  magnitude o f  
i n d u c t io n ,  which r e s u l t s  from the lower control  values o f  Burke ,e t  a l , 
(1977b).  The divergence in  control  values might be due to  d i f f e r e n t  s t r a i n s  
o f  animals and /or  d i f f e r en c es  in  age o r  d i e t s .
Two o th e r  enzyme a c t i v i t i e s  looked a t  are  i n t e r e s t i n g  in t h a t  they 
share  the  same s u b s t r a t e ,  i . e . ,  b iphenyl ,  cytochrome P-448 s e l e c t i v e l y  
c a ta ly s in g  the 2-hydroxyla tion o f  biphenyl and cytochrome P-450 
c a t a ly s in g  biphenyl 4 -hydroxyla t ion .  Table 4 con ta ins  the  r e s u l t s  f o r  
biphenyl 2-hydroxylase in  r a t  and hamster.  The p a t t e rn s  o f  change in  
biphenyl 2-hydroxylase a c t i v i t y  in  r a t s  a f t e r  t rea tm en t  with  PB o r  3-MC, 
resemble those obta ined  with  BP-hydroxylase.  In r a t s ,  3-MC t r e a tm e n t  
induced a g re a t  enhancement o f  biphenyl 2 -hydroxyla t ion  (16- and 7 - f o ld  
in c rease  f o r  9,000 x g superna tan t  and microsomal f r a c t i o n  r e s p e c t i v e l y ) .
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Table 3
EFFECT OF PHENOBARBITONE (PB) OR 3-METHYLCHOLANTHRENE (3-MC) PRETREATMENT 
IN VIVO ON MICROSOMAL ETHOXYRESORUFIN O-DE-ETHYLATION BY RAT AND HAMSTER LIVERS
a Male, Wistar a lb ino  r a t s  (140-150 g body wt) and male Syrian (DSN) hamsters 
(85-95 g body wt) were used in th e  p re sen t  s tudy.
Values are  p resented  as the means o f  a l l  values recorded in  the l i n e a r  range 
o f  the assay (F ig .  3) + S.E.M.
k Burke, e t  ai]_,(1977b);used Sprague-Dawley r a t s  (190-130 g body w t . )  and male,  
Syr ian  Hamsters ,  pure golden s t r a i n  (95-130 g body w t . ) .
Figures in p a re n th es i s  in d i c a t e  t e s t  va lues  as a percentage of c o n t r o l s .
Animal
Treatment
Ethoxyresoruf in  O-de-e thy lase  a c t i v i t y  (nmol/min per
mg p ro te in
Present  s tudy3 Burke
Rat
105,000x g p e l l e t
s a l i n e
PB
0.59 + 0.04 
0.76 + 0.03 0 2 9 ) 0.07
corn o i l  
3-MC
0.57 + 0.16 
12.87 + 0.38 12,258)
0.07
13.30 (19,000)
Hamster
105,OOOxg p e l l e t
s a l i n e
PB
0.94 + 0.13 
1.23 + 0.18 0  31)
corn o i l  
3-MC
1.15 + 0.10 
6,00 + 0.59 [522)
0.33
5.70 (1,727)
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Table 4
EFFECT OF PHENOBARBITONE (PB) OR 3-METHYLCHOLANTHRENE (MC) PRETREATMENT 
IN VIVO ON MICROSOMAL BIPHENYL 2-HYDROXYLATION BY RAT AND HAMSTER LIVERS
9 Male, Wistar a lb ino  r a t s  (140-150 g body wt) and male Syr ian  (DSN) 
hamsters (85-95 g body wt) were used in the  p resen t  s tudy.
Values are presented  as the means o f  a l l  values  recorded in  the  l i n e a r  
range o f  the assay ( F i g s . 4 and 5) + S.E.M.
b Burke & B r i d g e s , (1975);used male Syr ian hamsters ,  14-18 weeks o f  age; 
the r e s u l t s  r e p re se n t  Vmax v a l u e s .
Figures in parentheses  i n d i c a t e  t e s t  va lues  as a percentage of  c o n t r o l s .
Animal
Treatment
Biphenyl 2-hydroxylase a c t i v i t y  
(nmol/min per mg p ro te in )
Presen t  s tudy9 Burke^
Rat
9 ,000xg superna tan t
s a l i n e 0.057 + 0.006
PB 0.260 + 0.039 (456)
corn o i l 0,036 + 0.002
3-MC 0.569 + 0.032 (1,580)
105,000xg p e l l e t
s a l i n e 0.279 + 0.031
PB 0.868 + 0 . 2 6 3  (311)
corn o i l 0.199 + 0.009 .
3-MC 1.430 + 0.090 (719)
Hamster
9,000xg superna tan t
s a l i n e 0.515 + 0.034
PB 0.651 + 0.012 (126)
corn o i l 0.465 + 0.044
3-MC 0.829 + 0.059 (178)
105,000X9 p e l l e t
s a l i n e 1.13 + 0 . 0 8 2.20
PB 2.40 + 0 . 0 6  (2Î2) 7.28  (331)
corn o i l 1.26 + 0.08 1.94
3-MC 2.49 + 0.06 (197) 2.23 (115)
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whereas PB induct ion  did not cause such a g r e a t  in c rease  in  enzyme 
a c t i v i t y  (5- and 3 - fo ld  in c rease  fo r  9,000 x g s u p e rn a ta n t  and 
microsomal f r a c t i o n ,  r e s p e c t i v e l y ) ; our own r e s u l t s .  Although- the 
p a t t e r n  o f  enzyme induc t ion  a f t e r  PB o r  3-MC t rea tm en t  i s  s im i l a r  in
9.000 x g sup e rn a tan t  and microsomal p re p a r a t io n s ,  the  e x t e n t  o f  
induc t ion  i s  s u b s t a n t i a l l y  h ighe r  fo r  the  9,000 x g su p e rn a ta n t .
A c l o s e r  look a t  these  r e s u l t s ,  however, revea ls  t h a t  biphenyl 2- 
hydroxylase measured in  the 9,000 x g s u p e rn a tan t  o f  u n t re a ted  r a t s  
i s  so low, t h a t  i t  i s  hard ly  d e t e c t a b l e .  This would account f o r  the 
observed d iscrepancy  and gives c r e d i b i l i t y  to the  r e s u l t s  ob ta ined  fo r
105.000 x g microsomal p re p a ra t io n .  Hamsters showed d i f f e r e n t  types o f  
response of  biphenyl 2-hydroxylase  a c t i v i t y  following induc t ion  with 
PB o r  3-MC, to t h a t  seen in  r a t s .  Phenobarbitone t r e a tm en t  caused 2-
and 3 .3 - f o ld  in c reases  in  biphenyl 2-hydroxyla tion  (our  own r e s u l t s  and Burke 
and Bridges ,  1975, r e s p e c t i v e l y ) , whereas 3 -m ethy lcho lan th rene t rea tm en t  
gave no in c rease  (Burke 's  r e s u l t s )  o r  only a 2 - fo ld  i n c re a se  (our r e s u l t s ) .
Table 5 con ta ins  r e s u l t s  on biphenyl 4 -hydroxyla t ion  in r a t s  and 
hamsters .  We found t h a t  the  degree o f  induc t ion  o f  biphenyl 4 - hydroxylase 
in  r a t s  evoked by e i t h e r  PB o r  3-MC i s  o f  a s i m i l a r  magnitude ( 2 - fo ld  
in  the  9,000 x g sup e rn a tan t  and 4 - fo ld  measured in  the 105,000 x g 
p r e p a r a t io n ) .  In hamsters ,  however, PB inc reases  biphenyl 4 -hydroxy la t ion  
2- o r  3 - fo ld  (9,000 x g su p e rn a tan t  and 105,000 x g microsomal p r e p a ra t io n ,
r e s p e c t iv e ly ) a n d  1 .7 - fo ld  induc t ion  i s  obta ined a f t e r  3-MC t r e a tm e n t .R e s u l t s  
o f  Burke (1972) and Burke & Bridges (1975) d i f f e r  i n  t h a t  they show t h a t  
PB induces cons iderab le  inc reases  in  the  4 -hydroxy la t ion  o f  b ipheny l ,  
much h igher  than with  3-MC in d u c t io n ,  in  both r a t s  and hamsters .  Pheno­
barb i tone  t r e a tm e n t  r e s u l t s  in  a 5 .6 - f o l d  in c rease  in  the  4 -hydroxy la t ion  
o f  biphenyl in  r a t s  and a 5 .3 - f o ld  in c rease  in  hamsters and 3-MC trea tm en t  
caused 3.2  and 1 .9 - f o ld  i n c r e a s e s ,  r e s p e c t i v e l y .
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Table 5
EFFECT OF PHENOBARBITONE (PB) R 3-METHYLCHOLANTHRENE (3-MC) PRETREATMENT 
IN VIVO ON MICROSOMAL BIPHENYL 4-HYDROXYLATION BY RAT AND HAMSTER LIVERS
9 »c Explanations fo r  the  t a b l e  a re  as f o r  Table 4 ,  except t h a t  the  
r e fe rence  f ig u r e s  f o r  the  p resen t  study a re  Figs . 6 & 7.
b Burke,(.1972);male9 Syr ian  hamsters (14-18 weeks old)  were used .
Animal
Treatment
Biphenyl 4-hydroxylase a c t i v i t y  
(nmol/min per mg p ro te in )
P resen t  s tudy9 Burkeb Burkec
Rat
9,000xg supernatan t
s a l i n e 0.25 + 0.01
PB 0.53 + 0.06(214)
corn o i 1 0.19 + 0.03
3-MC 0.52 + 0.03(266) -
105,000xg p e l l e t
s a l i n e 0.29 + 0.03 0.72
PB 1.23 + 0.27(419) 4.00 (556)
corn o i l 0.38 + 0.12
3-MC 1.54 + 0 .0 7 (4 0 7 ) 2.30 (319)
Hamster
9,000xg superna tan t
s a l i n e 0.57 + 0 .04
PB 1.16 + 0.04(205)
corn o i l 0.52 + 0.06
3-MC 0.87 + 0 .0 6 ( 1 6 8 )
105,000xg p e l l e t
s a l i n e 1.19 + 0.05 3.53
PB 3.47 + 0 .1 5 ( 2 9 2 ) 18.80 (533)
corn o i l 1.42 + 0.10 3.94
3-MC 2.67 + 0.16(187) 5.88 (194)
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Table 6 summarizes the  range of enzyme a c t i v i t i e s  found in the  
microsomal f r a c t i o n s  o f  con tro l  and induced r a t s  and hamsters.
In Table 7 th e re  i s  presen ted a comparison of the  s e n s i t i v i t y  o f  
f l u o r i m e t r i c  assays  used in our study.  The most s e n s i t i v e  i s  the  
BP-hydroxylase assay ( l i m i t  of  s e n s i t i v i t y  i s  0.44 pmol, i . e .  twice 
th e  blank value)  followed by e thoxyreso ru f in  d e -e th y la s e ,  biphenyl 4- 
hydroxylase and biphenyl 2-hydroxylase with l i m i t s  o f  s e n s i t i v i t y  of  
52 pmol, 2.62 nmol and 5.38 nmol, r e s p e c t i v e l y .  Considering both 
a s p e c t s ,  i . e .  s p e c i f i c i t y  and s e n s i t i v i t i y ,  e thoxyresoru f in  d e - e th y la t i o n  
would be the  assay of choice f o r  measuring P-448 dependent a c t i v i t y .
F i n a l l y ,  some a d d i t io n a l  s u b s t r a t e s  were examined f o r  t h e i r  s u i t a b i l i t y  
in a s e n s i t i v e  assay (Table 8 ) .  An a n t i c i p a t e d  high f luo rescence  of  the  
h igh ly  po lycyc l ic  s u b s t r a t e s ,  compared with l e s s  po lycycl ic  hydrocarbons,  
was not  confirmed. Among th e  chemicals s tud ied  ( f lo u re n e ,  phenanthrene,  
d ibenz (a ,h )an th racene ,  d ib e n z ( a , i ) p y r e n e , d ibenz(b ,e )pyrene  and benzo(a) 
p y ren e ) , i t  was benzo(a)pyrene which y ie ld e d  the  most f l u o r e s c e n t  
m e ta b o l i t e s .
DISCUSSION
To the  s u b s t a n t i a l  previous da ta  on spec ie s  d i f f e r e n c e s  in the  
metabolism o f  drugs (Williams, 1959; Mucker, 1970),and th e  induc t ion  of  l i v e r  
mixed-function oxidases by drugs and carcinogens (Conney, 1967; A lva res ,  
e t  a l_ ,l970b; Thorgeir sson,  e t  aj_,1979), o r  f o r  s t r a i n  d i f f e r e n c e s  of r a t s  
(Page and Vessel ,  1969),  or r a b b i t s  (Cram, e t  a]_, 1965) we now add a few 
more f a c t s .
Recent s tu d ie s  have provided evidence t h a t  th e  enzyme r e f e r r e d  t o  as 
cytochrome P-448 is  a "complex" o f  more than one cytochrome (Kawalek, e t  a l , 
1975; Thomas, e t  a l ,  1976; A t l a s ,  e t  aj_, 1977; Johnson & Muller-Eberhard ,  
1977; Thorgeir sson , e t  a L  1979) .These d i f f e r e n t  forms of  haemoprotein may
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Table 6
COMPARISON OF THE RANGE OF ENZYME ACTIVITIES FOUND IN CONTROL 
AND INDUCED RATS AND HAMSTERS
Enzyme A c t i v i t i e s Rat
1
Hamster
Benzo(a)pyrene
hydroxylase
(pmol/min per mg p ro te in )
6 - 3 5 30 - 70
Ethoxyresorufin 
O-de-e thylase  
(nmol/min per mg p ro te in )
0.5  - 13 1 - 6
Biphenyl 
2 - hydroxylase 
(nmol/min per mg p ro te in )
0.03 - 1.50 0.20 -  3.00
Biphenyl 
4 - hydroxylase
(nmol/min per mg p ro te in )
0.1 - 1.7 0.3 -  4 .0
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Table 7
ASSESSMENT OF SENSITIVITY OF BENZO(A1PYRENE HYDROXYLASE, BIPHENYL 2- AND 4- 
HYDROXYLASES AND ETHOXYRESORUFIN O-DE-ETHYLASE FLUORIMETRIC ASSAYS
a For the  p re sen t  study the  l i m i t  o f  s e n s i t i v i t y  has been taken as twice 
t h a t  of  a blank va lue.
Assay Sample Reading
( f lu o r im e t r i c  
u n i t s  )
Amount
of
product
Limit of 
s e n s i t i v i t y
Benzo(a)pyrene 
hydroxylase Blank 0.18 0.22 pmol 0.44 pmol
Standard 20.30 25.00 pmol
Ethoxyresorufin
O-de-e thylase Blank 0.10 26.00 pmol 52.00 pmol
Standard 0.15 40.00 pmol
Biphenyl
2-hydroxylase Blank 0.21 2.69 nmol 5.38 nmol
Standard 3.12 40.00 nmol
Biphenyl
4-hydroxylase Blank 0.46 1.31 nmol 2.62 nmol
Standard 23.55 67.00 nmol
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Table 8
COMPARISON OF THE FLUORESCENCE OBTAINED FOR METABOLITES OF A NUMBER 
OF ARYL HYDROCARBON HYDROXYLASE SUBSTRATES
Liver microsomes from male,  Wistar a lb in o  r a t s  (140-150g body w t ) ,  p r e t r e a t e d  
with 3-MC (3 i . p .  i n j e c t i o n s , once d a i l y ,  30 mg/kg body wt) were used.  The 
microsomal p repa ra t ion  was obta ined as desc r ibed  in M ater ia ls  and Methods. 
S im i l a r ly ,  the  A.H.H. assay  i s  o u t l in ed  in M ate r ia ls  and Methods.
Fluorescence of the  incubat ion  mixture  e x t r a c t s  were monitored in a range 
of  300-600 nm of both e x c i t a t i o n  and emission wavelengths in order to  
determine maxima of r e l e v a n t  m e tabo l i te s  which a re  in d ica ted  in t h i s  Table.
The r e s u l t s  a re  mean values  of d u p l i c a te  measurements.
Wavelength (nm) 
E xc i t /F luo r .
F lu o r im e t r ic
Units
Subs t ra te
0.37
0.34
395/458
395/518
Fluorepe 
m.wt. 166.22
0.79360/412Phenanthrene 
m.wt. 178.24
1.42
1.07
Di bepz(a ,h )an thracene  
m.wt. 278.30
320/360
395/518
1.43
1.48
D ib e n z ( a , i )pyrene 
m.wt. 306.40
320/360
324/365
1.42
1.80
324/565
326/530
Dtbepz(b,e)pyrene 
m.wt. 302.27
395/518Benzo(a)pyrene 
m.wt. 252.30
21.50395/5183 , Hydroxybenzo(a)pyrene 
m.wt. 268.30
0.23395/518Blank
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vary among animal s p e c i e s ,  they may in d iv id u a l ly  respond to inducing 
agents  and may have ind iv idua l  s u b s t r a t e  s p e c i f i c i t i e s  (Johnson and 
Muller-Eberhard ,  1977).
I t  i s  a l s o  e s t a b l i s h e d  t h a t  PB t rea tm en t  of r a t  induces a q u a n t i t a t i v e  
inc rease  in cytochrome P-450. Treatment with 3-MC r e s u l t s  in both 
q u a n t i t a t i v e  and q u a l i t a t i v e  changes in the  CO-difference spec t ra  of 
microsomal haemoproteins ( s h i f t  towards s h o r t e r  wavelength in the  450-nm 
absorp t ion  maximum (Alvares ,  e t  al_, 1967). The comparison of the  e f f e c t  
of PB and 3-MC trea tm en t  on cytochrome P-450 or  P-448 in d i f f e r e n t  spec ie s  
(Table 1) shows t h a t  a t  l e a s t  the  degree of induc t ion  by PB and 3-MC is  
s im i l a r  in r a t s  and mice or  in hamsters and guinea p igs .  This p a t t e r n  
of  spec ies  however i s  not repeated  when we compare the  BP-hydroxylation 
a f t e r  p r i o r  induc t ion  with PB or  3-MC (Table 2).  Hamsters and mice gave 
s im i l a r  response ,  with a high inc rease  in BP-hydroxylation a f t e r  pheno­
barb i tone  t r ea tm en t  compared with 3-MC trea tm en t .  Rats and guinea pigs  fo l low 
d i f f e r e n t  modes of re sponse ; in r a t s , 3-MC induct ion  y i e ld s  a g r e a t e r  
in c rease  in BP-hydroxylation than does PB-indu c t io n ;  in guinea p i g s , 
the  BP-hydroxylase response to  both PB and 3-MC induct ion  i s  very much the  
same.
Biphenyl 2- and 4 - hydroxyla tions  and O -de -e thy la t ion  of e th o x y re so ru f in  
were compared only f o r  r a t s  and hamsters. I n t e r e s t i n g l y ,  d i f f e r e n c e s  
between the  response o f  r a t s  and hamster t o  PB and 3-MC in d u c t io n ,  as 
measured by BP hydroxylase a c t i v i t y ,  fo llow the  same p a t t e r n  in 2-biphenyl 
hydroxyla tion and O -de-e thy la t ion  of r e s o r u f i n ,  where a l l  t h r e e  enzymes 
measured a r e  mediated by cytochrome P-448. Yet,  these  th r e e  enzymes 
induced by e i t h e r  phenobarbitone or 3-methylcholanthrene fo llow an 
ind iv idua l  mode of response in hamsters. Phenobarbitone induces benzo(a) 
pyrene hydroxylase  above control  l e v e l , 3-methylcholanthrene s u b s t a n t i a l l y
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induces e thoxyresoruf in  0 - d e -e th y la se ,  and 2-hydroxyla tton of  biphenyl 
i s  Increased to  th e  same degree by both t rea tm en ts .  The cytochrome 
P-450-dependent biphenyl 4 -hydroxyla t ion  gave the  same response  in 
both hamsters and r a t s  in Burke (1972) and Burke & Bridges (1975) s t u d i e s ,  
but did not agree with our r e s u l t s .  Thus th e re  a re  s i m i l a r i t i e s  and 
the re  a re  d i f f e r e n c e s  among spec ie s  in the  metabolism o f  drugs and in 
the  induct ion  of l i v e r  microsomal enzymes by drugs and carc inogens .
The true spec ies  d i f f e r e n c e s  (which a re  not th e  r e s u l t  o f  exper imental
v a r i a t i o n s  among l a b o r a t o r i e s )  can be a t t r i b u t e d  to  e i t h e r  q u a l i t a t i v e
and q u a n t i t a t i v e  v a r i a t i o n s  in the  microsomal mixed-func tion  
oxidase under study or  to  the  aforementioned complexity of  cytochrome
P-450/P-448. C lear ly  the  q u a n t i t a t i v e  p re d ic t io n s  o f  human r i s k  a re
d i f f i c u l t ,  as the  r e s u l t s  obta ined  in  l abo ra to ry  animal s t u d i e s  a re
v a r i a b l e ,  and cannot be d i r e c t l y  r e l a t e d  to  the  human.
The p resen t  po l icy  f o r  cancer prevention  involves  the  use of  animal 
data combined with human exper ience and supported by in  v i t r o  work on 
human t i s s u e s .  At the  same time,a  search f o r  more d i r e c t  approaches i s  
continuing and a l o t  of hope has been inves ted  in the  l a t e s t  approach 
of in  v i t r o  human blood lymphocyte s tu d ie s  (Chapter 6 ) .  In o rder  to  
l i m i t  the  amount of human blood requ i red  f o r  the  assessment o f  a ry l  
hydrocarbon hydroxylase a c t i v i t y  (involved in carcinogen a c t i v a t i o n ) ,  a 
s e n s i t i v e  assay had to  be found. In t h i s  s tudy we have shown t h a t  the  
most s e n s i t i v e  s u b s t r a t e  f o r  hydrocarbon hydroxylase assay i s  3 ,4  benzo- 
(a)pyrene ,  followed by e th oxyreso ru f in .  The value o f  the se  s u b s t r a t e s , and 
the use of human lymphocytes f o r  the  q u a n t i t a t i v e  p r e d ic t io n  o f  human 
cancer  r i s k  a re  d iscussed  in  the  fol lowing chap te r .
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CHAPTER 6 
LYMPHOCYTE STUDIES
- 155 -
INTRODUCTION
Environmental contamination by chemical p o l l u t a n t s ,  al though a 
lo n g -s ta n d in g ,  na tu ra l  phenomenon, invo lv ing th e  products of vo lcan ic  
e r u p t i o n s ,  f o r e s t  f i r e s ,  and microbia l  sy n th es i s  over m i l l i o n s  of  years  
has,  dur ing the  p resen t  c en tu ry ,  increased  cons ide rab ly  due to  th e  speed 
of i n d u s t r i a l  development. Although many have condemned exposure t o  
i n d u s t r i a l  chemicals as a major hea l th  hazard and a major cause of human 
cancer (E ps te in ,  1980),  the  chemical defence systems o f  man and o t h e r 1;, 
animals appear to  have been ab le  to  keep pace with the  inc reas ing  number 
of i n d u s t r i a l  chemicals ,  p e s t i c i d e s ,  food a d d i t iv e s  and con tam inants ,  e t c .  
and products of  incomplete combustion processes .
However, t h e  enzymes of t h e  defence system can a c t i v a t e  chemicals 
as well as de to x ica te  them. One of th e  major enzyme systems a c t i v a t i n g  
carcinogens  and o th e r  to x ic  chemicals i s  the  microsomal mixed-function  
oxidase  (cytochrome P-450) system as measured by the  aryl  hydrocarbon 
hydroxylase  (AHH) assay (Conney, e t  a l ,  1957). AHH m etabo l ises  non-pola r  
aromatic  compounds in to  epoxides (arene oxides)  (Grover,  e t  al_, 1971),  
which a re  f u r t h e r  metabolised in to  w a te r - so lu b le ,  e x c re ta b le  m e ta b o l i t e s  
such as glucuronide  conjugates o f  the  corresponding dihydrodiol ( J e r in a  
and Daly,  1974), However, AHH may a lso  a c t i v a t e  chemicals ,  as by the  
format ion of  dihydrodiol epoxides ,  e .g .  benzo(a)pyrene i s  a c t i v a t e d  t o  
benzo(a)pyrene-7 ,8 -d ihydrod io l - 9 ,10-epox ide , which i s  considered to  be 
the  u l t im a te  carcinogen which binds to  nuc lea r  DNA (Sims, e t  aj_, 1974;
King, e t  a^ ,  1976; Weinstein,  e t  al_, 1976). This i s  in agreement with  
the  hypothesis  t h a t  high le v e l s  o f  AHH a c t i v i t y  might be a s s o c ia te d  with 
high p o te n t i a l  fo r  chemical carc inogenes is  (Kouri , e t  aT, 1973; Thomas, 
e t  a l , 1973).
Reports in d ica t in g  the  presence o f  induc ib le  AHH in c u l tu re d  human 
lymphocytes (Busbee, et_ aj_, 1972; Whitlock, e^ t al_, 1972) has opened th e  
p o s s i b i l i t i e s  of studying a) the  carc inogen ic  p o t e n t i a l  of chemicals in  a 
human system, and b) c o r r e l a t i n g  AHH i n d u c i b i l i t y  with s u s c e p t i b i l i t y  to  
cancer in  man. Hopes were h igh ,  and AHH was shown to  be p r e s e n t ,  and 
in d u c ib le  by carcinogenic  po lycyc l ic  aromatic  hydrocarbons , in  mitogen- 
transformed lymphocytes (Busbee, e t  al_, 1972; Whitlock, e t  al_, 1972),  
monocytes (Bast ,  e t  al_, 1974), and pulmonary a lv e o l a r  macrophages ( C a n t r e l l ,
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e t  a]_, 1973a; McLemore, e t  a L  1977b). The work of Kellerman, e t  al_,
(1973a,b) seemed to  l i v e  up to  these  hopes. They demonstrated a tr imodal  
d i s t r i b u t i o n  of lymphocyte AHH i n d u c i b i l i t y  in humans with 53% of  people 
in a low group, 37% in an in te rm ed ia te  group, and 10% in a high group.
Lung cancer p a t i e n t s  had a p a t t e r n  of  d i s t r i b u t i o n  of 4,  66 and 30% in the  
low, in te rm ed ia te  and high groups,  r e s p e c t i v e l y ,  and i t  was sugges ted t h a t  
the  i n d u c i b i l i t y  of AHH i s  g e n e t i c a l l y  dependent and c o n t r o l l e d  by an 
autosomal co-dominant a l l e l e  (Kel lerman,e t  al_, 1973b).
The same labo ra to ry  ( C a n t r e l l ,  e t  al^,1973b) showed t h a t  AHH o f  human 
p u lm o n a r y  a lv e o l a r  macrophages was induced by in h a la t io n  o f  c i g a r e t t e  smoke, 
and th e  degree o f  i n d u c i b i l i t y  c o r r e l a t e d  with values obta ined  in  c u l tu re d  
lymphocytes from the  same i n d i v i d u a l . They in fe r r ed  t h a t  th e  g e n e t i c a l l y -  
regu la ted  level of AHH may a f f e c t  ind iv idua l  s u s c e p t i b i l i t y  to  c i g a r e t t e  
smoke-associated cancers  (Kellerman, e t  al_, 1973b).
The work of Atlas ,  e t  a j ,  (1976),  Okuda, e t  a]_, (1977) and Paigen, e t  
al_, (1978) provided f u r t h e r  evidence fo r  th e  gene t ic  con tro l  o f  AHH 
i n d u c i b i l i t y  in humans, but c o n f l i c t i n g  r e s u l t s  were a l so  repo r ted  
(Paigen, e t  aj^, 1977). The c o r r e l a t i o n  o f  higher l e v e l s  o f  AHH induc t ion  
with lung cancer ,  o r i g i n a l l y  observed by Kellerman,e t  al_, (1973a,b) has 
been confirmed by G u i r g i s , e t  a l , (1976) and T r e l l , e t  aj_, (1976),  but has 
been re fu ted  by J e t t $ e t  aj_, (1978a), McLemore,e t  al_, (1977a) and Paigen, 
e t  a]_, (1977). This lack of  agreement was due to  the  g re a t  in d iv id u a l  
v a r i a t i o n s  (unimodal d i s t r i b u t i o n )  (A t las»e t  aj_, 1976; Kour ie ,e t  a l ,
1974), and to  poor r e p r o d u c i b i l i t y  in the  measurement of lymphocyte AHH 
a c t i v i t y  in shor t - te rm  c u l t u r e s .  Various f a c to r s  t h a t  could a f f e c t  the  
measurement of AHH a c t i v i t y  in cu l tu red  human lymphocytes were e x h au s t iv e ly  
examined in many l a b o r a to r i e s  and a v a r i e t y  o f  causes of  poor r e p r o d u c i b i l i t y
were i d e n t i f i e d  (Gurtoo,e t  aj_, 1977; P rasa d ,e t  al_, 1978; R i c h t e r , e t  a l ,
1978; J e t t , e t  éü,  1978; Kouri ,e t  aj_, 1979). Although s t r i c t  con t ro l  of
a l l  i d e n t i f i e d  procedural  v a r ia b le s  has brought some degree of  r e p r o d u c i b i l i t y
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in the  dete rmination  of  AHH a c t i v i t y  in m i togen-ac t iva ted  human lymph­
ocytes (Gurtoo,e t  a l^  1977; Kouri ,e t  aJU 1979) t h e re  obviously  remain 
some u n id e n t i f i e d  f a c t o r s ,  which makes the  method g e n e r a l ly  u n r e l i a b l e .
The p resen t  s tudy aimed to  a) re-examine the  procedure of inducing 
transformed human lymphocytes to  see i f  t h e  method could be made more 
r e l i a b l e ,  b) f in d  a new s u b s t r a t e  in place  o f  benzo(a)pyrene f o r  
determining a ry l  hydrocarbon hydroxylase in an e f f o r t  to  make th e  method 
more s p e c i f i c  fo r  th e  carcinogen- induced cytochrome P-448.
MATERIALS AND METHODS
Blood: Healthy humans (16 males and 22 females)  and four  persons in 
i l l - h e a l t h  (2 males with hypertension and two d i a b e t i c  females)  
volunteered t h e i r  venous blood (10-20 ml) which was withdrawn a s e p t i c a l l y  
in to  hepar in ized tubes and used w i th in  4h. Goat blood (40 ml) was used 
in one experiment.
Methods of lymphocyte s e p a r a t io n ,  incubat ion  and induc t ion  were va r ied  
in the  d i f f e r e n t  experiments in o rder  t o  ob ta in  optimal c o n d i t io n s .
Culture  media and reagents  are  l i s t e d  in the  Appendix.
I s o l a t i o n  of Blood Mononuclear C e l l s : In p r i n c i p l e  Btiyum1s (1968) 
method was used with minor m od if ica t ions .
1. Blood was cen t r i fuged  f o r  10 min a t  400 x g and th e  plasma 
replaced with the  same volume of Medium 199. The suspension of  blood 
c e l l s  was layered in 5 ml por t ions  over 5 ml Ficol l -hypaque  s o lu t io n  
(sp.  g r .  1.080) and cen t r i fuged  in 15 ml carbonate  conica l  c e n t r i f u g e  
tubes a t  400 x g a t  room temperature  fo r  20 min (M.S.E. bench c e n t r i f u g e ,  
swinging bucket r o t o r ) .  The lymphocyte-r ich in te rp h ase  was c o l l e c t e d  
from severa l  t u b e s , and the  lymphocytes p e l l e t e d  by c e n t r i f u g a t i o n  a t
150 x g fo r  5 min. The lymphocytes were suspended in  Medium 199,
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p e l l e t e d  aga in ,  and the  procedure o f  p e l l e t i n g  and resuspension in 
Medium 199 was repea ted .  (This method i s  f u r t h e r  r e f e r r e d  to  as the  
Marie Curie method).
2, Monocytes were removed from pe r iphe ra l  blood mononuclear ce l l  
p rep a ra t io n s  by add i t io n  o f  carbonyl i ron  powder to  the  suspension of 
blood c e l l s  (Levy,et  a L  1978). Blood c e l l  suspensions in Medium 199 
were mixed with iron  powder in tubes placed on a mechanical r o l l e r  in
a cab ine t  at37°C fo r  0.5h to f a c i l i t a t e  inges t io n  of  iron  p a r t i c l e s  by 
the  monocytes. The lymphocytes were s ep a ra te d ,  ha rves ted ,  and washed 
as descr ibed  by Levy,e t  a]_, 1978. (The carbonyl i ron  method).
3. The plasma was not separa ted  and whole, f r esh  blood (20 ml) was 
d i lu t e d  (x 4) with phosphate b u f f e r -p h y s io lo g ica l  s a l i n e  (pH 7 .4 )  and 
mechanical ly r o l l e d .  Each 8 ml of d i l u t e d  blood was layered  on 3 ml of  
Ficol1-Hypacjue so lu t io n  and th e  lymphocyte-rich in te rphase  obta ined  by 
c e n t r i f u g a t io n  a t  400 x g f o r  40 min a t  room tempera ture .  The mono­
nuclear  c e l l s  (conta in ing  85-95% of  lymphocytes) were ha rves ted ,  bulked 
and sedimented by c e n t r i f u g a t i o n ,  as p rev ious ly  descr ibed  in (1 ) .  The 
c e l l s  were washed twice with Hank’s S a l t  Solu t ion  (B .S .S . ). The 
lymphocyte-rich p repa ra t ion  was f i n a l l y  resuspended in e i t h e r  Medium 199
or in Roswell Park Memorial I n s t i t u t e  1640 (RPMI 1640) Medium. (The Bflyum 
method).
P repa ra t ion  of Autologous Serum: Autologous serum was obta ined  by
t r e a t i n g  human blood plasma with protamine su lpha te  and human thrombin 
(1 mg and 0.5 u n i t s , r e s p e c t i v e l y ,  were mixed with 5 ml plasma).  A f te r  
formation of the  f i b r i n  coagulum with in  0 .5 -  1h , serum was c o l l e c t e d  with 
a s t e r i l e  Pas teu r  p i p e t t e  and used f o r  lymphocyte c u l t i v a t i o n .
Removal o f  Contaminating Red Blood C e l l s : Lymphocyte p re p a ra t io n s  were
of ten  contaminated with red blood c e l l s .  In some experiments th e se  were 
removed by incubat ion  of  th e  lymphocytes in 1% (w/v )  aq. ammonium c h lo r id e  f o r
10 min a t  37°C, r e s u l t i n g  in e ry th ro cy te  l y s i s .  Lymphocytes were c o l l e c t e d
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2+by c e n t r i f u g a t i o n  a t  150 x g fo r  10 min, washed with Hank's BSS (Ca 
and Mg^+ f r e e ) , c en t r i fuged  again a t  150 x g fo r  10 min and f i n a l l y  
resuspended in  the  medium of  choice.
Cell coun t .  V i a b i l i t y  and Morphology: Lymphocyte and t o t a l  c e l l  counts 
were made in a haemocytometer; 1 to  3 m i l l io n  ce l l s /m l  whole blood were 
obta ined from each i n d i v i d u a l . The v i a b i l i t y  o f  c e l l s  was a ssessed  a t  
ha rves t ing  (before  and a f t e r  c u l t i v a t i o n )  by the  ni g ros ine  dye (0.2%) 
exclus ion  technique in a haemocytometer. The morphology of  c e l l s  was 
s tud ied  by l i g h t  microscopy following s t a i n in g  with Wright ' s  s t a i n .
Lymphocyte Transform at ion : Lymphocytes were d i s t r i b u t e d  in to  Falcon 
c u l t u r e  f l a s k s ,  each conta in ing  0.5  - 1 x 10^ ce l l s /m l  in a t o t a l  volume 
of  5-10 ml o f  medium ( e i t h e r  Medium 199 or RPMI 1640). On one s e t  of  
experiments th e  medium was supplemented with 20% f o e t a l - c a l f  (heat 
i n a c t i v a t e d ) o r  autologous (human) serum, 1% phytohaemaglutin i n (PHA) or 1% 
phytohaemaglutin i n plus 1% pokeweed mitogen (PWM), 50pg of  streptomycin/ml  
and 50 u n i t s  o f  p e n i c i l l i n / m l .  In another  s e t  o f  exper im ents , lymph­
ocytes  were incubated  in Medium RPMI 1640 supplemented with 17% h ea t -  
in a c t i v a t e d  f o e t a l - c a l f  serum (PCS), 2 mM L-glutamine,  25 mM HEPES 
(pH 7 . 4 ) ,  1% phytohaemagluti ni n , 1% pokeweed mitogen, 50 yg o f  s t r e p t o ­
mycin/ml and 50 u n i t s  of  p e n i c i l l i n / m l .  In a l l  cases  mitogens were added
0.5h before  PCS and maintained at37°C during t h i s  time to  ensure  
a v a i l a b i l i t y  o f  th e  r e l e v a n t  mitogen re c ep to r  f o r  r e a c t io n  with phyto­
haemagl u t i  ni n and pokeweed mitogen, r e s p e c t iv e ly .  C el ls  suspended in 
completed media were c u l t i v a t e d  a t  37°C and 5% CO^  /  95% a i r  or a i r  
a lone.
Induction o f  Aryl Hydrocarbon Hydroxylase (AHH) A c t i v i t y : Two methods o f  
induc t ion  of AHH a c t i v i t y  were used. In some experiments 3-methylcholan­
th rene  (3-MC) was added to  c e l l  c u l tu re s  a t  a f i n a l  c o n ce n t ra t io n  of  1.5yM 
(in  DMS0 or  ace tone ,  a t  0.1% v/v  f i n a l  c o n ce n t ra t io n )  a t  t h e  t ime a t
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which c u l tu re s  were i n i t i a t e d  (zero t i m e ) . Controls were t r e a t e d  with 
so lven t  a lone.  The c u l tu re s  were incubated  a t  37°C fo r  72h in 5% COg 
95% a i r  or a i r  alone.
In o the r  experiments the  mitogens were removed a f t e r  48h of
incubat ion  by double washing with the  r e l e v a n t  medium (Medium 199,
w ithout  supplements) and c e n t r i f u g a t i o n  a t  150 x g fo r  10 min.
Lymphocytes were resuspended in Medium 199 supplemented with 20% PCS,
50 u n i t s  p e n ic i l l in /m l  and 50 yg s t reptomycin /ml.  AHH a c t i v i t y  was
induced by a d d i t io n  of 3-MC (1.5 yM) in DMS0 or ace tone (0.25% v/ v ) ,  
as above, with a p p ro p r ia te  c o n t r o l s .  The c e l l s  were f u r t h e r  c u l t i v a t e d
f o r  24h a t  37°C in  5% CO^  95% a i r  or a i r  a lone .
In a l l  cases the  lymphocytes were harvested  a f t e r  72h c u l t i v a t i o n  
by p e l l e t i n g  a t  2,000 r .p .m .  ( M i s t r a l ) ,  and washed once with Hank's 
BSS (Ca2+ and Mg2+ f r e e ) .
Enzyme. Assays : For the  m a jo r i ty  of  a s sa y s ,  f r e s h  c e l l  p repa ra t ions  were 
used.  P repara t ions  of  whole i n t a c t  c e l l s ,  homogenized c e l l s , or  c e l l s  
d i s ru p ted  by u l t rasound  (3 x 2 sec b u r s t s )  were used. On a few occasions  
the  c e l l  p e l l e t s  were s to red  in 0.1M sodium phosphate b u f f e r  (pH 8 .5 )  
con ta in ing  0.1% bovine serum albumin a t  -45°C f o r  up to  2 weeks before  AHH 
assay ,  or some were s to red  in 0 .2  ml of 0.1M Tris-HCl b u f f e r ,  pH 8.5  a t  -45°C 
f o r  up to  2 weeks before e thoxyreso ru f in  d e -e th y la s e  assay (Prough,e t  a l ,1976).
Bénzo(a)pyrene Hydroxylase Assay: Benzo(a)pyrene hydroxylase a c t i v i t y  of
lymphocytes was determined f l u o r i m e t r i c a l l y  by the  method of various  
incubat ion  condi t ions  so as to  ob ta in  the  optimal co n d i t io n s :
1. In the  method descr ibed  by Okuda , e t  aj[,(1977) p e l l e t e d  c e l l  
p repa ra t ions  were mixed with 0.85 ml of  a s o lu t io n  (pH 7.55) con ta in ing
67.5 ymol KHgPO^, 66.7 ymol K0H, 4.2  ymol MgCl^ and 25 ymol n ico t inamide ,  
and a s o lu t io n  (0.1 ml) conta in ing  0.7 mg NADH, 0 .7  mg NADPH, and 0.7  mg 
bovine serum albumin was added.
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2. The composition of  the  incubat ion  mixture descr ibed  by Gurtoo, 
e t  al_9 (1977) was s l i g h t l y  modified.  The c e l l  p repa ra t ion  was suspended
in  0 .8  ml of  50 mM Tris-HCl b u f fe r  (pH 8 .5 )  supplemented with  MgClg (3 mM) 
and EOTA (0.025 mM) and followed by a d d i t io n  of  0.2  ml s o lu t io n  con ta in ing  
NADPH (1.7 mM), NADH (1.3 mM) and nicotinamide (3 mM).
3. The method of Gurtoo, e t  aj_, (1977) was used except t h a t  sucrose  
was omitted from the  incubat ion  mix tu re .  This incubat ion mixture c o n s i s te d  
of  50 mM Tris-HCl buffe r  (pH 8 . 5 ) ,  3 mM MgClg, l .7 mM NADPH and 1.3 mM 
NADH, plus the lymphocytes.
4. The method of  Gurtoo ,e t  a l ,(1977) was used d i r e c t l y  without any 
m o d i f i c a t i o n s , i . e . ,  incubat ions  conta ined a l l  components mentioned in  
(3) plus  200 mM sucrose.
IN a l l  exper iments,  the  r e a c t io n  was s t a r t e d  by a d d i t io n  of  100 nmol 
o f  benzo(a)pyrene in 50 yl acetone! Incubation was c a r r i e d  out a t
37°C in a shaking water bath and subdued l i g h t  fo r  30 min, and was stopped 
by a d d i t io n  o f  cold acetone  (1 ml) followed by hexane (3 ml).  Phenolic 
m e tab o l i t e s  were ex t rac ted  in to  the  organic  phase by shaking the  mix ture  
fo r  10 min a t  27°C and c e n t r i f u g a t i o n  a t  2,000 r .p .m .  f o r  10 min ( M i s t r a l ) .
Por t ions  (3 ml) of the  organic  phase were mixed v igorous ly  (Vortex-Mixer) 
with 0.75 ml of  1 M NaOH f o r  1 min, and the  phases separa ted  by c e n t r i f u g a t i o n  
a t  2000 rpm. f o r  IQ min. Fluorescence of  th e  a l k a l i n e  phase was measured 
with an Amico-Bowman s p e c t r o f 1uor im ete r  a t  an e x c i t a t i o n  wavelength o f  
396 nm and an emission wavelength o f  512 nm.
The enzyme a c t i v i t i e s  were determined by comparison of  t h e  r e l a t i v e  
f lu o rescence  o f  samples with t h a t  of  known amounts o f  3 - hydroxybenzo(a)- 
pyrene.  One enzyme u n i t  o f  AHH a c t i v i t y  i s  t h a t  c a ta ly z in g  th e  fo rmation 
of  th e  f lu o r e s c e n t  equ iva len t  of 1.0 pmol of  3-hydroxybenzo(a)pyrene pe r  1 min 
under th e  above cond i t ions .
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Ethoxyresoruf in  O-De-e thylase  a s s a y : Cytochrome P-448-dependent mono- 
xyogenase a c t i v i t y  was a l so  determined by the  d i r e c t  f l u o r i m e t r i c  assay 
of e thoxyreso ru f in  O -d e -e th y la t io n  (Burke, e t  al_, 1977a). Transformed
lymphocytes ( cu l tu red  f o r  48 o r  72h in the  presence of mitogens) were
incubated fo r  a f u r t h e r  24h with 1.5 yM 3-methylcholanthrene in ace tone
(0.1% v/ v ) .  The c e l l s  were c o l l e c t e d  and s tud ied  immediately or s to red
as a pel l e t  (4 x 10^ c e l l s )  a t  -45°C in 0.2  ml 0.1 M Tris-HCl,  pH 8 .5
f o r  up to  2 weeks. Stored c e l l s  were thawed a t  4°C in the  presence
of 0.2  ml of  0.01 mM ethoxyresoru f in  in 0.1 M Tris-HCl b u f fe r  pH 8 .5 .
Fresh c e l l s  were suspended in the  T r i s - b u f f e r  e thoxyresoruf in  s o lu t io n .
Lymphocyte p repa ra t ions  were e i t h e r  s o n ic a l ly  d i s rup ted  ( th ree  2 sec burs ts)  
or homogenized (1000 r .p .m .  f o r  30 sec)  before  incubat ion  e q u i l i b r a t i o n  a t
room temperature  (22°C) f o r  5 min. The r e a c t io n  was s t a r t e d  by a d d i t io n  of
0.25 mM NADPH and the  f lu o rescence  of th e  r e s o r u f in  produced was measured
a t  22°C a t  an emission wavelength of 586 nm with an e x c i t a t i o n  wavelength
of 520 nm, using an Amico Bowman s p e c t r o f 1uori  m e te r . The i n i t i a l  r a t e s
of r e a c t io n  up to  30 sec were used to  ob ta in  s p e c i f i c  a c t i v i t i e s .
NADH-cytochrome c Reductase Assay: The a c t i v i t y  was measured by recording
-1th e  r a t e  of  reduc t ion  of  exogenous cytochrome c a t  550 nm (E = 21,000 M 
cm"^)in a dual-beam spectrophotometer.  The c e l l  suspension (~ 4 x 106 
c e l l s  in 1.1 ml 0.05 M potassium phosphate b u f f e r ,  pH 7.7) was t r e a t e d  
with  u l t rasound  ( th ree  2 sec b u r s t s  a t  4°C) and the  r e a c t io n  mixture 
(Prough,e t  a]_, 1976) was completed by a d d i t io n  of 4.5  x 10 ^M cytochrome c ,
1.0 x 10“4M EDTA in 0.05 M potassium phosphate b u f f e r ,  pH 7.7 and 1 x 
10"4 M NADH (added to  th e  t e s t  cu ve t te  on ly ) .  The r e a c t io n  was monitored 
a t  22°C f o r  15 min. One enzyre u n i t  of NADH-cytochrome c reduc tase  
a c t i v i t y  i s  def ined  as the  amount c a t a ly s in g  th e  reduc t ion  of  1.0  nmol 
cytochrome c per min under the  aforementioned assay cond i t ions .
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RESULTS
I s o la t i o n  of lymphocytes: The number of  pe r iphera l  blood leukocytes
found in d i f f e r e n t  in d iv id u a ls  v a r i e d  cons iderab ly  (3.96 x 10^ to  10.37 
X 106/ml b lood) .  The same was t ru e  fo r  th e  number
of lymphocytes.  Both the  Btiyum method and i t s  m odif ica t ion  (Marie-Curie) 
gave the  same lymphocyte y i e l d  with s im i l a r  range of  v a r i a t i o n s  among 
in d iv id u a l s .  The carbonyl i ron  method appeared to  be su p e r io r  fo r  
achieving th e  h ighes t  y i e l d  of lymphocytes (1.37 x l o f ) ,  as shown in 
Table 1,
The v i a b i l i t y  of th e  lymphocytes i s o l a t e d  from human per iphera l  
blood dfd not seem to  be a f f e c t e d  by th e  technique used (96-97% + 3
f o r  a l l  methods) and s t i l l  remained in a reasonable  range of 81-96% a f t e r
48h c u l t i v a t i o n  (Table 2) .  At the  end o f  th e  c u l t i v a t i o n  period of 72h,
the  number of v iab le  c e l l s  was not lower than 70%. In c o n t r a s t ,
su rv iva l  o f  g o a t ’s lymphocytes in c u l t u r e  was much poorer and decreased 
r a p id ly  from about 95% a t  th e  i n i t i a t i o n  o f  c u l t u r e ,  to  as low as 20% 
a t  48h of c u l t i v a t i o n .
Lymphocyte T ransform at ion : Morphological f e a t u r e s  of the  lymphocytes and 
the  p u r i t y  o f  p repa ra t ions  were r o u t i n e l y  examined from t h in  f i lm  
p rep a ra t io n s  f o r  a l l  exper iments,  both before  and a f t e r  lymphocyte 
t r a n s fo rm a t io n ,  as descr ibed  in Methods. Some admixture o f  monocytes,  
e ry th ro cy te s  and occas iona l ly  a few granu locy tes  could be seen when the  
Btiyum method (or i t s  m odif ica t ion )  were used,  in c o n t r a s t  to  the  carbonyl 
i ron  technique which gave lymphocyte p re p a ra t io n s  o f  very high p u r i t y .
Mitogen-induced t rans fo rm a t ion  of small lymphocytes in to  l a rg e  
b l a s t - l i k e  c e l l s  was examined on a s e r i e s  of f i lm s  prepared from each 
c u l t u r e .  The r e s t i n g  mature lymphocyte i s  a small c e l l  (9-12 ym in d ia m . )
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with a dense ly  s t a i n in g  nucleus and a scanty  rim of  cytoplasm ( F i g . l ). 
P rogress ive  changes fo llowing PHA or  PWM s t im u la t io n  over a period of 48- 
72h r e s u l t e d  in an in c re a se  in c e l l  diameter of th r e e -  to  f o u r - f o l d ,  a more 
prominent nucleolus  and a much enlarged nucleus ( F i g . l  ) .  M i to t ic  
f i g u r e s  can be seen about  40h a f t e r  a d d i t io n  of  the  mitogen. Although a l a rge  
propor tion  o f  th e  ce l l  popula tion  p re sen t  a f t e r  72h of PMA s t im u la t io n  
have undergone one o r  more c e l l  d i v i s i o n s , ac tua l  c e l l  numbers a t  t h i s  
time seldom in c rease  more than 50% (Stewart  and B re i tn e r ,  1969).
The cons ide rab le  i n t r a - i n d i v i d u a l  v a r i a t i o n s  in the  q u a n t i t a t i v e  
response to  b la s togén ie  s t im u l i  (PHA, PWM), found from microscopic  
examination of t h i n  f i lm  p rep a ra t io n s  confirm previous r e p o r t s  (Hart ,  
e t  al_, 1977; K our i ,e t  al_, 1979). D i f f e re n t  l o t s  of  PHA and PMW, however, 
did not s i g n i f i c a n t l y  a f f e c t  AHH a c t i v i t y  (Gurtoo, e t  aj^, 1977). Some as 
y e t  u n id e n t i f i e d  f a c t o r s  p re sen t  in fo e t a l  c a l f  serum ( v a r i a b le  in d i f f e r e n t  
l o t s )  a l so  c on t r ibu ted  to  the  degree of b las togén ie  response of  lymphocytes 
in standard  c u l tu r e  cond i t ions  (Kouri , e t  aj_, 1979), and to  th e  level of 
measured AHH a c t i v i t y ,  basal  more than induced (Gurtoo, e t  al_, 1977). 
Comparison of var ious  batches of  RPMI-1640 Medium have revea led  t h a t  some 
batches were not s u i t a b l e  f o r  AHH assay  (Gurtoo, e t  al_, 1977).
Benzo(a)pyrene Hydroxylase (AHH) A c t i v i t y ) : Tables 3 and 4 d e p i c t  the
AHH le v e l s  obta ined in var ious  experimental cond i t ions  aimed a t  achieving 
the  optimal parameters f o r  AHH assay .  The r e s u l t  in Table 3 show t h a t  
e i t h e r  removing PHA from th e  c u l tu r e  medium (a t  48h, th e  t ime o f  in t roduc ing
3-methylcholanthrene  in to  a c u l t u r e ) ,  rep lac ing  autologous serum by FCS 
in the  c u l tu r e  medium, or d i s r u p t in g  c e l l s  by homogenization a g a i n s t  
assaying  th e  whole c e l l s , did  not have any s i g n i f i c a n t  e f f e c t  on e i t h e r  
control  or induced AHH l e v e l s .  Moreover, no induct ion  was found in
3-m e thy lcho lan th rene- t rea ted  c u l tu r e s  of 4 in d iv id u a ls  ( i n d u c i b i l i t y  
r a t i o  IR = 0) and a low IR (1 .03; 1.08; 1.27) was found f o r  3 o th e r
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Figu r e  1.  Photom icrographs  o f  human lymphocytes  from t h i n  f i l m  
p r e p a r a t i o n s . Lymphocytes  were  i s o l a t e d  from b lood  by a m o d i f i c a t i o n  
o f  t h e  Btiyum method ( 3 ) ,  as d e s c r i b e d  in M a t e r i a l s  and Methods S e c t i o n .
W r i g h t ' s  s t a i n i n g .  M a g n i f i c a t i o n  450 x .
A. The r e s t i n g  mature lym phocyte  ( 9 - 1 2y in  d i a m e t e r ) .  These  have a 
s i n g l e  s p h e r i c a l  n u c l e u s ,  which  a lm os t  f i l l s  th e  c e l l .  The cy t o p la s m
( a g r a n u l a r )  i s  a mere rim around t h e  n u c l e u s .
B.  Lymphocytes  t r a n s f o r m e d  i n t o  immunoblasts  f o l l o w i n g  72h c u l t u r e  in  
t h e  p r e s e n c e  o f  a n t i g e n s ,  phytoha em a g lu t i  ni n and pokewood m i t o g e n .  The 
n u c l e u s  en la r g em en t  i s  accompanied by a s i g n i f i c a n t  i n c r e a s e  in  t h e  volume  
o f  t h e  c y t o p la s m .
-  I D O  -
Table  3
ARYL HYDROCARBON HYDROXYLASE ACTIVITY IN TRANSFORMED HUMAN LYMPHOCYTES
Blood samples from th e  donors 1 ,  2 and 3 (from th e  U n i v e r s i t y )  were used w i th in  0 .5  h and samples 4-7 (from S t .  L u k e 's  
H o s p i t a l )  were used w i t h i n  4 h a f t e r  b lood was t a k e n .  Lymphocytes were i s o l a t e d  acco rd in g  t o  t h e  M arie -C ur ie  t e c h n iq u e ,  as  
d e s c r ib e d  in  Methods.
A f t e r  double  washing w i th  Medium 199, t h e  lymphocytes were f i n a l l y  r e -su sp en d e d  in  Medium 199 (1 x 106 c e l l s / m l ,  4 x 106 
c e l l s / c u l t u r e ) ,  supplemented w i th  20% a u to lo g u s  serum (expe r im en ts  1 , 2 ,  3 ,  4 and 5 ) o r  20% f o e t a l  c a l f  serum (FCS) (expe r im en ts  
6 and 7 ) ,  1% PHA-M, 50 u n i t s  p e n i c i l l i n / m l  and 50 yg s t r e p to m y c in /m l .  The c e l l  su sp en s io n  was p laced  in  Falcon tu b e s  and 
in c u b a te d  a t  37 C w i th  5% C02 in  a i r .
For exper im en ts  1 and 2 PHA-M was removed from t h e  c u l t u r e  medium a f t e r  48 h. C e l l s  were washed in  Medium 199 and r e ­
suspended in  a f r e s h  Medium 199 supplemented w i th  20% FCS, 50 u n i t s  p e n i c i l l i n / m l  and 50 yg s t r e p to m y c in /m l .
For i n d u c t io n  o f  A H H a c t i v i t y  t e s t  samples r e c e iv e d  3 -m e th y lc h o la n th re n e  ( f i n a l  concn. 1.5yM) in  DMS0,whereas c o n t r o l  tubes  
r e c e iv e d  DMS0 on ly  (0.25%) and a l l  were in c u b a te d  f o r  f u r t h e r  24 h a t  37 C. Whole c e l l s  were used f o r  th e  BP-hydroxylase  a s s a y  
i n  exper im ents  1 * 2 ,  3 ,  4 and 5;  c e l l s  were homogenized (1 ,000  r . p . m . , 45 s e c )  b e fo re  a s s a y  f o r  exper im ents  6 and 7.
A H H  a c t i v i t y  was de te rm ined  a c c o rd in g  to  Okuda, e t  a l  (1977) u s in g  benzo(a)  pyrene (80 nmol/ml) as  s u b s t r a t e .
C u l tu re s  were s p l i t  in  h a l f  b e fo re  a s s a y  t o  o b ta in  d u p l i c a t e  d e t e r m in a t io n s  and th e  p re se n te d  r e s u l t s  a r e  mean v a lu e s .
One enzyme u n i t  o f  A H H a c t i v i t y  i s  d e f in e d  as  t h a t  amount c a t a l y s i n g  th e  fo rm a t io n  o f  t h e  f l u o r e s c e n t  e q u i v a l e n t  o f  Ifmol 
o f  3-hydroxy BP/min.
a C r e f e r s  to  c o n t r o l  c u l t u r e ,  
k I r e f e r s  t o  3 -m e th y lc h o la n th re n e - in d u c e d  c u l t u r e .
IR ( i n d u c i b i l i t y  r a t i o )  e x p re s s e s  3-MC- induced A H H  a c t i v i t y / n o n - i n d u c e d  A H H  a c t i v i t y .
FCS i s  f o r  f o e t a l  c a l f  serum.
Blood
Donor
No C e lls /m l  
Blood
V i a b i l i t y  (%) 
S t a r t  /  End
Type o f  Serum 
in  C u l tu r e
C ell  T reatment 
Before Assay
A.H H. A c t i v i t y  
U n its  i \  F la sk
I n d u c i b i l i t y  
R a t io  (1 h)
1. Univ. male 
non-smoker
1.14 x 106 99 85 au to lo g o u s -
*>?
23
22 -
2. Univ.  female 
non-smoker
1.50 x 106 99 82 au to lo g o u s - C
I
28
26
-
3. Univ. female 
non-smoker
1.50 x 106 98 90 au to lo g o u s - c
I
33
42 1.3
4. S t . L ' s  male 
non-smoker
0.44 x 106 94 76 au to logous - c
I
33
34 1.0
5. S t . L ' s  male 
smoker
0.22 x 106 95 91 au to lo g o u s - c
I
- 40 
43 1.1
6, S t . L ' s  male
non-smoker
h y p e r te n s io n
0.31 x 106 98 75 FCS* homogenisa tion c
I
34
31 -
7. S t . L ' s  male 
smoker
h y p e r te n s io n
0.88 x 106 97 72 FCS* homogenisa tion c
I
30
35
30
31
-
a r y l  h y d r o c a r b o n  h y d r o x y l a s e  a c t i v i t y  i n  t r a n s f o r m e d  h u m a n  l y m p h o c y t e s
Blood samples from th e  donors 1 and 2 (from S t .  L u k e 's  H o s p i t a l )  were used w i th in  4 h and samples 3-8  (from th e  
U n iv e r s i t y )  were used w i th in  0 .5  h a f t e r  b lood was t a k e n .  Lymphocytes were i s o l a t e d  a cco rd ing  to  Boyum s t e c h n iq u e ,  
a s  d e s c r ib e d  in  Methods.
A f t e r  double washing w i th  Hanks' BSS t h e  lymphocytes were f i n a l l y  r e -suspende d  in  Medium RPMI 1640 (1 x 10® c e l l s / m l ,
5 x 10 c e l l s / c u l t u r e )  and supplemented w i th  17% o f  e i t h e r  human homologous serum (exper im ents  1 , 2 ,  6 and 7)  o r  w i th  FCS
(exper im en ts  3 ,  4 and 5 ) ,  1% PHA-M, 50 u n i t s  p e n i c i l l i n / m l  and 50 pg s t r e p to m y c in /m l .
C e ll  su sp en s io n  was p laced  in  Fa lcon  f l a s k s  and in c u b a te d  a t  37°C w i th  5% C0g in  a i r .
For i n d u c t io n  o f  A H H a c t i v i t y  t e s t  samples r e c e iv e d  3 -m e th y lc h o la n th re n e  (1 .5  pM) in  a c e to n e ,  whereas c o n t r o l  
f l a s k s  r e c e iv e d  a ce to n e  on ly  (0.25%)'» 48 h a f t e r  c u l t u r e s  were s e t  upi  Incu b a t io n  (37 C, 5% CO in  a i r )  was co n t in u ed
f o r  a f u r t h e r  24 h.
Whole c e l l s  were used f o r  t h e  BP-hydroxylase a s s a y  i n  exper im ent  1 and p a r t  o f  exper im ent  3 ;  c e l l s  were d i s r u p t e d  
b e fo re  an a s say  by means o f  hom ogenisa tion  (1 ,000  r . p . m . , 45 s e c )  in  exper im ent  2 and p a r t  o f  exper im en ts  3 and 4 ;  by 
a p p l i c a t i o n  o f  u l t r a s o u n d  in  exper im ents  5 ,  6 and 7 o r  by f r e e z i n g  ( -  45 C) and thawing a s  in  p a r t  o f  exper im ent  4.
The method used f o r  d e t e r m in a t io n  o f  A H H a c t i v i t y  i s  i n d i c a t e d  in  t h e  T ab le .  C u l tu r e s  were s p l i t  i n  h a l f  b e fo re
an a s sa y  to  o b t a in  d u p l i c a t e  d e te rm in a t io n s  and th e  r e s u l t s  p re s e n te d  a r e  mean v a lu e s .
One enzyme u n i t  o f  A H H a c t i v i t y  i s  d e f in e d  a s  t h a t  amount c a t a l y s i n g  th e  fo rm a t io n  o f  t h e  f l u o re s c e n c e  e q u iv a l e n t  
o f  Ifmol o f  3-hydroxy BP/min.
a C r e f e r s  t o  c o n t r o l  c u l t u r e
® I r e f e r s  t o  MC-induced c u l t u r e
x den o te s  BP-hydroxylase a s s a y  w i th o u t  c o f a c t o r s
y B P-hydroxy la tion  r e a c t i o n  was stopped  by p la c in g  tu b e s  i n  a bucke t  w i th  i c e .  C e l l s  were sedimented  by c e n t r i f u g a t i o n  
(2 ,000  r . p . m . , 4°C, 10 m in).  M e ta b o l i t e s  p r e s e n t  i n  c e l l s  o r  s u p e r n a t a n t  phase were s e p a r a t e ly  e x t r a c t e d  i n t o  a c e to n e :
hexane ( 1 . 3 ) .  F u r th e r  p rocedure  fo l low ed  s t e p s  as  d e s c r ib e d  in  Methods.
lood
m o r
No C e l l s /  
ml Blood
V i a b i l i t y  (%) 
S t a r t  /  End
Type o f  Serum 
in  C u l tu r e
C e ll  T reatment 
Before Assay
Method f o r  
A H H.Assay
A H H  A c t i v i t y  
U n i ts  /  I F la s k
I n d u c i b i l i t y  
R a t io  (IR)
S t . L ' s  female 
non-smoker
0 .47  x 10® 95 96 homologous - Methods, 
A H H 3
\
2 .8
2 .3
S t . L ' s  female 
smoker
0 .6 8  x 10® 94 98 homologous hom ogenisa tion Methods, 
A H H 3
C
II
%2
2 .5  
6 .9  x 
2 .2  X
2 .8
U niv .fem ale  
non-smoker
1 .20  x 10® 98 90 FCS Methods,
A H H 3 
+ albumin
C sup 0 .0  )
I sup 0 .0  ) y  
I c e l l s  0 . 0 )
I su p /  
c e l l s  5 .3
hom ogenisa tion C
h
I 2
6 .9
4 .6
9.1 1 .3
Univ. male 
non-smoker 1 .10  x 10® 98 98 FCS i .  homogenization  
F .  f r e e z in g
Methods,
i A H H 1
i i  A H H 4
Ci/H
I i /H
I i / F
i 2/ h
I z /F
5 .3
8 .3
7 .0
8 .0  
8 .0
1 .6
1 .3
1 .5
1 .5
U niv .fem ale  
non-smoker
0 .7 9  x 10® 98 90 FCS s o n i c a t i o n Methods,
A H H 2 
w i th o u t  EDTA
C
%
I 3
0 .4
0 .4
0 .3
0 .3
Univ .fem ale  
non-smoker
1 .04  x 10® 97 96 homologous s o n i c a t io n Methods, 
A H H 3
C
:■
3 .0
3 .2
3 .2
3 .2
1.1
1.1
1.1
U niv .fem ale  
non-smoker
1 .03  x 10® 98 96 homologous s o n i c a t i o n Methods, 
A H H 1
c
i i
0.1
0 .4
0 .5
0 .4
4 .0
5 .0
4 .0
G oats '  Blood 0 .66  x 10® 95 60 FCS
Methods, 
A H H 2
c
%
I 3
I s
I s
3 .8
4 .5
6 .6  
7 .5  
0 .7  
1 .0
1 .2
1 .7
2 .0
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i n d i v i d u a l s .  The AHH le v e l s  in Table 4 are  about t e n - f o l d  lower than 
the  r e s u l t s  in Table 3. A poss ib le  exp lana t ion  might be t h a t  d i f f e r e n t  
batches  o f  homologous serum o r  batches  o f  PCS were used.
Various methods o f  c e l l  t r ea tm en t  before  assay (whole c e l l s ,  
homogenization, soni c a t i o n ,  f r eez in g  and thawing) did not produce any 
change e i t h e r  in measured AHH le v e l s  o r  degree o f  AHH in d u c t io n . Among 
various  parameters examined f o r  op t im iza t ion  of  the  assay (Methods,
AHH, 1-4 ) ,  the  most impor tant  was the  presence o f  c o f a c t o r s , which 
seemed e s s e n t i a l  f o r  both whole and homogenized c e l l s  (experiments 1 and 2,  
Table 4 ) .  AHH le v e l s  measured in the  absence o f  co fac to r s  were 3 - ,  and
4 - fo ld  lower than when measured in t h e i r  presence.  To a s c e r t a i n  t h a t  
transformed lymphocytes used fo r  the  experiments were not " leaky" ,  s o lv en t  
e x t r a c t i o n  o f  the  benzopyrene-metaboli t e s  was performed s e p a r a t e ly  fo r  
the  superna tan t  and c e l l s .  The so lv en t  e x t r a c t s  o f  both the  superna tan t  
and the  i n t a c t  c e l l s  had no d e t e c t a b l e  l e v e l s  o f  benzo(a)pyrene-metaboli t e s . 
Only when c e l l s  were mixed v igorous ly  with  acetone-hexane in th e  presence 
o f  water  phase ( i . e .  s u p e r n a t a n t ) , in the  sample depic ted  " c e l l / s u p " ,  
were the benzo(a)pyrene-metabo l i tes  a v a i l a b le  fo r  so lven t  e x t r a c t i o n .  This 
can be expla ined  by the  f a c t  t h a t  acetone i t s e l f  i s  not a good so lv en t  f o r  
phospholipids and g l y c o l ip id s  in c o n t r a s t  to  the  "wet acetone" (ace tone -  
hexane e x t r a c t i o n  in the  presence o f  s u p e r n a t a n t ) .
Comparison o f  the  AHH le v e l s  obta ined  in  various  l a b o r a t o r i e s  shows 
a considerab le  d i f f e r e n c e  f o r  both contro l  and induced c u l t u r e s .  The 
AHH lev e l s  ob ta ined  in  th e  p re sen t  s tu d i e s  compare with the  p a r t  A r e s u l t s  
o f  Gurtoo, with  the  p a r t  A r e s u l t s  o f  Kellerman, and with  AHH le v e l s  
by Kouri (Table 5 ) ,  which a l l  belong to  low values from a wide range o f  
values presen ted in Table 5.  I n t e r - in d iv id u a l  d i f f e r e n c e s  c o n t r ib u t e  to  
the se  v a r i a t i o n s  as do th e  d i f f e r e n t  batches  of  PCS used and /o r  y e t  o th e r  
u n id e n t i f i e d  experimental  cond i t ions  which in f luence  one o r  more o f  th e  
fo llowing: ( i )  lymphocyte t r a n s f o r m a t io n , ( i i ) measurable  AHH a c t i v i t y ,  and
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Table 5
CONTROL AND INDUCED LEVELS OF ARYL HYDROCARBON [BENZO(A)PYRENE] HYDROXYLASE ACTIVITIES IN HUMAN TRANSFORMED LYMPHOCYTES
* TO6 c e l l s  co n ta in e d  ap p rox im ate ly  10 yg DNA ( R e s e a r c h e r ' s  own o b s e rv a t io n s )  
numbers i n  b r a c k e t s  i n d i c a t e  th e  number o f  s e p a r a t e  c u l t u r e s  co r re sp o n d in g  to  in d iv id u a l  donors .
L ab o ra to ry Type o f  Serum 
and Mitogens 
in  C u l tu r e
Ce ll  Treatm ent  
B efore  Assay
Method f o r  
A H H  Assay A H H  A c t i v i t y
1. Gurtoo ,H .L. 
e t  al_. ,1975
PCS, 10% 
PHA/PWM
Whole c e l l s N ebert  & G elbo in ,  1968 
m od if ied  by Gurtoo
C.
I.
C.
I .
0 .025-0 .071  ,rb, 
0 .0 3 3 -0 .1 9 2  
0 .3 6 0 -1 .6 4 0  n n b 
1 .0 0 0 -3 .0 0 0
pmol/min
c e l l s
2 .  G ur too ,  H.L. 
e t  a L , 1977
PCS, 10% 
PHA/PWM
Whole c e l l s N ebert  & G elbo in ,  1968 
m od if ied  by Gurtoo
C.
I.
C.
I .
0 .3 7 0 -2 .7 4 0  b 
0 .3 4 0 -1 1 .1 2 0  
0 .1 5 0 -1 .2 1 0  lQ\  
0 .6 4 0 -3 .0 0 0  ^
pmol/min p e r  
c u l t u r e  f- 
(e  8 x 10 c e l l s
3. A t l a s ,  S.A. 
e t  a L , 1976
PCS, 20% 
PHA/PWM
Whole c e l l s N ebert  & G elbo in ,1968 C.
I.
C.
I.
0 .0 2 4 -0 .1 7 8  
0 .0 5 6 -0 .4 0 7  ( l lY 
0 .0 3 3 ,0 .9 6 8  n r ° 
0 .0 6 4 ,1 .4 0 3
pmol/min p e r  
mg c e l l u l a r  
p r o t e i n
4 .  K ellerman, 
e t  a l . , 1973C
Chromosome 
Medium 1A
homogenized N ebert  & Gelboin ,  1968 C.
I.
C.
I.
0 .0 1 8 -0 .0 4 0  l(.\ 
0 .0 3 8 -0 .0 7 3  
0 .0 2 4 -0 .0 3 5  , , . b 
0 .1 02-0 .141
pmol/min p e r  
c u l t u r e
5. P a ig e n ,  B . , 
e t  a l . , 1977
PCS, 10% 
PHA/PWM
Whole c e l l s N eber t  & G e lb o in ,1968 C.
I.
0 . 2 4 0 - 3 .09Q n ,.b 
0 .8 1 0 - 1 1 .1 2 0 '  '
pmol/min p e r  
c u l t u r e
6. J e t t ,  J . , 
e t  aj[. ,1 9 7 8 b
PCS, 10% 
PHA/PWM
Whole c e l l s N ebert  & G e lb o in ,1968 C.
I.
0 .0 6 5 -0 .1 1 0  m b 
0 .1 5 5 -0 .3 2 0
pmol/min p e r  
106 c e l l s
7. K o u r i , R . E . , 
e t  al_. ,1979
PCS, 17% 
o r  human AB 
PHA
Whole c e l l s  f r e s h  
o r  s t o r e d  a t  -70  C
N ebert  & G e lb o in ,1968 
m o d i f i c a t io n
C.
I.
0 .2 0 0 -0 .8 2 9  n n .b 
1 .0 2 9 -3 .4 8 6  {W)
pmol/min. p e r  
mg DNA
B. P re s e n t  
s tu d y
1. au to lo g o u s  20% 
o r  PCS 20%
Whole c e l l s  o r  
homogenized
Okuda, e t  a L  ,1977 C.
I.
0 .0 2 3 -0 .0 4 0  , 7 .b 
0 .0 2 2 -0 .0 4 3
pmol/min. p e r  
106 c e l l s
2. human homologous 
17% o r  PCS 17%
Whole c e l l s ,
homogenized
s o n ic a te d
N ebert  S G e lb o in ,1968 
m o d i f i c a t io n
C.
I .
0 .0 0 0 1 - 0 .0 0 7 0 .7 ,b 
0 .0 0 0 3 -0 .0 0 9 1 '  7 pmol/min p e r  
106 c e l l s
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( ü i )  AHH induc t ion .  The i n d u c i b i l i t y  r a t i o s  obtained in th e  p re sen t  
s tudy ,  i . e .  1.1 - 5.0 a re  again  a t  the  low end of  a wide range of  va lues  
obta ined  by o t h e r s .  No measurable AHH induction was found in
a s in g l e  experiment with g o a t ' s  blood. This and o the r  a ttempts  a t
c u l tu r in g  g o a t ' s  lymphocytes were impaired by t h e i r  poor surv iva l  in
c u l t u r e .
Ethoxyresoruf in  0 - Deethylase A c t i v i t y : Ethoxyresoruf in  dee thy lase
a c t i v i t y  was not d e tec ta b le  under the  cond i t ions  o f  th e  assay o u t l in ed  
in Methods (Table 6).  Neither whole c e l l s  nor c e l l s  d is rup ted  before  
a,ssay by s o n ic a t io n ,  homogenization o r  f r eez in g  and thawing, revealed  
any measurable dee thy lase  a c t i v i t y .
V a l id i ty  of the  method was checked by comparison with r a t  l i v e r  microsomal 
a c t i v i t y ,  assayed in p a r a l l e l  with lymphocytes (Table 7) a t  th e  same time 
and under the  same experimental c o n d i t i o n s , except f o r  th e  d i f f e r e n c e  in 
pH o f  Tr is -HCl,  which was optimal a t  7 .8  f o r  r a t  microsomes (Burke and
Mayer, 1974) and a t  7.5  fo r  lymphocytes (Burke, e t  al_, 1977a).
No a c t i v i t y  was de tec ted  in  human transformed lymphocytes assayed a t  
th e  same time as l i v e r  microsomes. Only two lymphocyte samples out o f  
23 t e s t e d ,  exh ib i ted  any deethylase  a c t i v i t y ,  and th e se  were assayed on 
s ep a ra te  occasions  from the  l i v e r  microsomes. The response was l i n e a r  
f o r  a very b r i e f  period  o f  t ime and then quick ly  dec l ined .  The p o s s i b i l i t y  
o f  i n h i b i t i o n  o f  th e  déé thy la t ion  r e a c t io n  by some re s id u a l  f a c t o r s  from 
th e  c e l l  c u l t u r e , was examined with hamster l i v e r  microsomes (Table 8 ) .  All 
f a c to r s  examined were in h ib i to r y  and decreased th e  d e -e th y la se  a c t i v i t y  
in the  following o rde r :  PCS, Medium 199, Hb, RBC . The presence o f  
PCS plus RBC abol ished  th e  d e -e th y lase  a c t i v i t y  almost t o t a l l y .
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Table 6
PROCEDURES USED TO EXAMINE TRANSFORMED HUMAN LYMPHOCYTES FOR ETHOXYRESORUFIN O-DEETHYLASE ACTIVITY
Blood samples were used w i t h i n  4 h a f t e r  b lood  was withdrawn. The tech n iq u e  a p p l ie d  f o r  i s o l a t i o n  o f  lymphocytes i s  
s p e c i f i e d  i n  th e  Table  and g iven  w i th  d e t a i l s  i n  Methods.  C e l l s  were double washed w ith  Hanks'  BSS and re -s u sp e n d e d  in  
Medium RPM1 1640 (1 x 10 c e l l s / m l ;  5 x 10 c e l l s / c u l t u r e )  supplemented  w i th  17% PCS, 0.025 M Hepes b u f f e r ,  pH 7 . 4 ,  1% PHA-M
o r  1% PHA-M p lu s  1% PWM, 50 u n i t s  p e n i c i l l i n / m l  and 50 yg s t r e p to m y c in /m l .  Cell  su spens ion  was p laced  i n  Falcon f l a s k s  and
incuba ted  a t  37 C w i th  5% C0? i n  a i r .  A f t e r  48 h c u l t i v a t i o n ,  lymphocytes were t r e a t e d  w ith  e i t h e r  3 -m e th y lc h o la n th re n e  
(1 .5  yM) in  a c e t o n e ,  o r  an e q u i v a l e n t  amount o f  a c e to n e  on ly  (0 .25%). Approximately 5 x 1 0  c e l l s  were used  p e r  t u b e .
A c t i v i t y  o f  E th o x y re s o ru f in  0 - d e e th y la s e  was de te rm ined  acco rd in g  to  B u rk e ,e t  zU, 1977, as  d e s c r ib e d  i n  Methods.  The 
f lu o re s c e n c e  o f  t h e  samples was measured a t  an em iss io n  waveleng th  o f  586 nm ancTin e x c i t a t i o n  waveleng th  o f  520 nm.
a PHA-M 1% p lu s  PWM 1% were used f o r  lymphocyte t r a n s f o rm a t io n .
b PHA-M 1% a lone  was used f o r  lymphocyte t r a n s f o rm a t io n .
Blood Lymphocytes I s o l a t i o n No C e l l s / V i a b i l i t y  (%) Type o f  Serum Cell  T rea tm ent EOR A c t i v i t y
Donor Carbonyl
Iron
Bdyum /ml Blood S t a r t i n  C u l tu re B efore  Assay
. S t .  L uke 's  male 
non-smoker
X 3.1 x 106 99 PCS3 - -
!. S t .  Luke 's  female 
smoker
X 2 .6  x 106 99 PCS3 - -
!. S t .  Luke 's  male 
smoker X 1 .4  x ID6 88 PCS3 s o n i c a t i o n
. S t .  Luke 's  female 
non-smoker X 1 .2  x ID6 95 PCS3 s o n i c a t io n
>. S t .  Luke 's  female 
non-smoker X 1.1  x 106 99 FCSb s o n i c a t i o n
. S t .  Luke 's  female 
smoker X 0 .6  x ID6 98 FCSb s o n i c a t i o n -
7. Univ. female 
non-smoker X 2 .6  x 106 88 FCSb s o n i c a t i o n
8 .  T r a n s f . Centre 
m ale ,  smoker X 1 .7  x 106 97 FCSb s o n i c a t i o n
9. T ra n s f .  Centre 
m ale ,  smoker X 1 .5  x l O 6 . - 99 FCSb s o n i c a t i o n
0. S t .  Luke 's  female 
non-smoker X 0 .5  x 106 98 FCSb s o n i c a t i o n
1. S t .  Luke 's  female 
non-smoker X 2 .9  x 106 99 FCSb s o n i c a t i o n
2. Univ. male 
smoker X 0 .5  x 106 96 PCS3 s o n i c a t i o n
3. S t .  Luke 's  male 
non-smoker X 0 .2  x 106 99 PCS3 s o n i c a t i o n
1. S t .  Luke 's  female 
non-smoker X 0 .6  x 106 98 PCS3 s o n i c a t i o n
5. S t .  Luke 's  female 
smoker X 0 .5  x 106 98 PCS3 s o n i c a t i o n
5. S t .  Luke 's  female 
non-smoker X 0 .3  x 106 96 PCS3 s o n i c a t i o n
7. S t .  Luke 's  male 
smoker X 0 .3  x 106 98 PCS3 s o n i c a t io n
3. T ra n s f .  Centre  
m ale ,  smoker X 0 .5  x 106 98 PCS3
f r e e z in g / th a w ,  
homogeniz. -
5. T ra n s f .  Centre  
m ale ,  non-smoker X 0 .7  x 106 98 PCS3
f re e z in g / th a w .
homogeniz.
3. S t .  Luke 's  female 
non-smoker X 0 .8  x 106 86 PCS3
f r e e z ih g / th a w .
homogeniz.
1. S t .  Luke 's  female 
non-smoker X 1 .9  x 106 97 PCS3
f re e z in g / th a w ,  
homogeniz.
?. Univ. female 
non-smoker X 0 .5  x 106 96 PCS3
f re e z in g / th a w ,  
s o n i c a t i o n —
t. Univ. female 
non-smoker
X 0 .7  x 106 97 PCS3 f r e e z in g / th a w ,  
s o n i c a t i o n -
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Contamination of lymphocyte p repa ra t ions  with RBC was found to  
occur with the  number of RBC presen t  being about 5-15% of  th e  number 
o f  lymphocytes. Therefore  t r e a tm en t  of  lymphocytes with 1% ammonium
c h lo r id e ,  followed by washing with Hank's BSS was ap p l ied  to  lyse  and 
remove RBC contaminat ion.  However, even in these  experiments,  no 
d e tec ta b le  d e -e th y la se  a c t i v i t y  was found. Furthermore,  lymphocyte 
prepara t ions  were washed with Hank's BSS to  remove a l l  d e t e c t a b l e  
contamination from components o f  th e  c u l tu r e  medium, before  being used 
f o r  the  the  e thoxyresoru f in  O-deethylase assay .  As again  no enzyme 
a c t i v i t y  was de tec ted  th e  reason fo r  t h i s  did not seem to  be i n h i b i t i o n  
by f a c to r s  en t ra ined  from th e  c u l tu r e  medium.
NADH Cytochrome c Reductase:  The NADH-dependent reduc t ion  of  exogenous
cytochrome c by lymphocytes was monitored d i r e c t l y  as an in c rease  in 
o p t ica l  den s i ty  o f  th e  sample conta in ing  2.1 x 10^ lymphocytes induced
with 3-methylcholanth rene,  and mitogen a c t i v a t e d .  The r e a c t io n  r a t e  was
l i n e a r  fo r  6 min and was only s l i g h t l y  decreased a f t e r  13 min (F ig .  2 ) .
DISCUSSION
Periphera l  blood leukocytes  a re  a r e a d i l y  a v a i l a b l e  source  o f  human 
t i s s u e  which can be used f o r  s tudying the  human p o te n t i a l  t o  a c t i v a t e d  
carcinogens m e ta b o l i c a l ly ,  in p a r t i c u l a r ,  p o lycyc l ic  aromatic  hydrocarbons.  
This very promising approach has ,  however, not f u l f i l l e d  i n i t i a l  
expec ta t ions  because of a g re a t  number o f  te chn ica l  d i f f i c u l t i e s .  The 
method was based on the  induc t ion  by 3-methylcholanthrene ,  benzo(a)pyrene,  
gnd o th e r  carcinogens  o f  benzo(a)pyrene hydroxylase (AHH) determined by 
the  non -spec i f ic  f lu o rescence  a ssay ,  as the  method o f  choice  in most 
l a b o r a t o r i e s ,  because of the  high s e n s i t i v i t y  of  t h i s  assay  (Nebert  and 
Gelboin,  1968). The assay measures the  formation o f  f l u o r e s c e n t  m e ta b o l i t e s ,
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Figure 2. NADH-cytochrome c reductase  a c t i v i t y  in human lymphocytes.
The a c t i v i t y  was measured as described in the  M ate r ia l s  and Methods s e c t i o n .  
Transformed lymphocytes ( c u l tu re d  f o r  48 h in  the  presence o f  mitogens) 
were incubated f o r  a f u r t h e r  24 h with 1.5 yM 3 -methy lcho lan threne .  The 
c e l l  suspension (1.77 x 106 c e l l  s/ml) 'was  t r e a t e d  wi th  u l t r a s o u n d ,  and the  
r a t e  o f  reduc t ion  o f  exogenous cytochrome c ,  i n i t i a t e d  by a d d i t io n  o f  NADH was 
monitored a t  550 nm in a dual-beam spectrophotomete r.  The r a t e  o f  cytochrome 
c reduc t ion  was l i n e a r  up to 6 min. The s p e c i f i c  a c t i v i t y  i s  1.3 nmol e/min 
per 10^ c e l l s .
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mostly pheno ls , in s tead  o f  th e  more meaningful m etabo l i tes  l inked  with 
c a rc in o g e n e s i s ,  such as b en zo (a )py rene -7 ,8 -d io l - 9 ,1 0 -epox ide , th e  major 
m e tab o l i t e  bound to  DNA (Yang,e t  al_, 1977), and a l i k e l y  cand ida te  f o r  
tile u l t im a te  carc inogen ic  form of  t h i s  chemical (Huberman, e t  aj_. 1976; 
S e lk i r k ,  et_ aj_, 1974). Resul ts  were expressed in terms of'AHH 
i n d u c i b i l i t y ' ,  i . e .  the  r a t i o  o f  3-methylcholanthrene- induced to  
uninduced basal  l e v e l s  of  benzo(a)pyrene (BP) hydroxylase a c t i v i t y .
Early s tu d ie s  brought e n t h u s i a s t i c  expec ta t ions  of g re a t  p o t e n t i a l  
o f  the  BP assay fo r  carcinogen induc t ion  of  the  mixed-func tion oxidase  
(AHH) in mi togen-s t imula ted  per iphera l  mononuclear c e l l s  (PMC) and in 
pulmonary a l v e o l a r  macrophages (PAM). AHH i n d u c i b i l i t y  was found to  be 
an in h e r i t e d  t r a i t  with e i t h e r  monogenic (Kellerman,e t  af[, 1973a) or 
polygenic (Atlas,  e t  a t ,  1976) c o n t r o l . The i n d u c i b i l i t y  r a t i o  has been 
repor ted  to  be e leva ted  in  mitogen-s t imula ted  PMC from p a t i e n t s  with 
carcinoma of  th e  lung (Kellerman,e t  al_, 1973b) and larynx ( T r e l l , e t  a l ,
1976) and in  lung cancer p a t i e n t s  (Guirgis,  e t  al_, 1976), compared with 
control  popu la t ions .  However, o th e r  workers repor ted  c o n t r a d i c t o r y  d a t a ,  
showing lack of inc reased  AHH i n d u c i b i l i t y  in p a t i e n t s  with lung cancer  
( J e t t , a ^ ,  1978a; Pa igen ,e t  al_, 1977),  a c o r r e l a t i o n  of AHH a c t i v i t y  
with the  degree of  mitogen s t im u la t i o n ,  and a diminished mitogenic  
response of  lung cancer  p a t i e n t s  ( J e t t , e t  a U  1978a).  A s e r io u s  
c r i t i c i s m  of  the  assay was lack of r e p r o d u c i b i l i t y  which was c o n s i s t e n t l y  
repor ted  from severa l  l a b o r a t o r i e s  (Gurtoo,e t  a%, 1977 ; Kouri, e t  al_, 1974; 
Nebert and A t l a s , 1978). The re fo re ,  the  gene t ic  model p o s tu la te d  by 
Kellerman,e t  a]_ (1973a) f o r  an Ah locus in man and i t s  involvement in 
human cancer has been s e r io u s ly  questioned.
Fur ther  s tu d ie s  were obviously needed to sep a ra te  methodological  
v a r i a t i o n s  from genuine i n t e r - i n d i v i d u a l  ones.  Gurtoo,e t  a%, (1977) 
recommended th e  use of f r e s h  blood, a s tandard  c e l l  d e n s i t y ,  a mitogen
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combination o f  PHA and PWM, s u b s t i t u t i o n  of a c e l l  count f o r  measurement 
of DNA conten t  and, most important o f  a l l , the  use of  i d e n t i c a l  batches 
of  c u l t u r e  medium i n g r e d i e n t s ,  e sp e c i a l l y  fo e ta l  c a l f  serum. S im ilar  
observa t ions  were repor ted  of Kouri ,e t  al^ (1979) who a d d i t i o n a l l y  emphasized 
th e  importance of quan t i fy ing  the  degree of mitogen a c t i v a t i o n  of  lymphocytes,
Which i t s e l f  i s  s u b je c t  to  both i n t r a - i n d iv id u a l  and i n t e r - i n d i v i d u a l  
v a r i a t i o n .  The varying r a t i o s  o f  c i r c u l a t i n g  B- and T- c e l l s  ( J e t t , e t  a l , 
1978b), the  e f f e c t s  of  c e r t a i n  th e ra p e u t i c  agents such as a s p i r i n  (Grout,  
e t  al_, 1975) and c e r t a i n  d i s ea se  s t a t e s  as bronchogenic carcinoma (Ducos, 
e t  a l ,  1970), o th e r  s o l id  tumours (Garr ioch, e t  a l ,  1970), and lympho- 
r e t i c u l a r  d i so rd e r s  (Ling and Kay, 1975),  a l l  a f f e c t  lymphocyte mitogen 
response ,  f a c t o r s  p re sen t  in f o e ta l  c a l f  serum can a lso  a f f e c t  mitogen 
s t im u la t io n ,  e . g .  n u c leo s id e s ,  v i t a m in s , hormones or a n t ib o d ie s  and 
an t igens  (Ling and Kay, 1975; Z ie lsk i  and Golub, 1976) and o t h e r s ,  e .g .  
catecholamines and s t e r o id s  which can d i r e c t l y  in f luence  AHH i n d u c i b i l i t y .
(A t las ,  e t  a l , 1976) The e x ten t  of lymphocyte s t im u la t io n  may, in  p a r t ,  
account f o r  i n t e r - i n d i v i d u a l  v a r i a t i o n s  in AHH and may bias  th e  study 
o f  AHH i n d u c i b i l i t y  in p a t i e n t s  with cancer (A t la s ,  e t  a l ,  1976).
The c r i t i c a l  assay parameters discussed above were included in  the  
p re sen t  study. Counts of t o t a l  WBC and i s o l a t e d  lymphocytes were made f o r  
each c u l t u r e  so as to  ensure the  f ixed  optimal c e l l  d e n s i ty  (1 x 106
c e l l s /m l  c u l t u r e  medium). A few methods fo r  lymphocyte s e p a ra t io n  were 
t r i e d .  Both lymphocyte y i e l d  and p u r i t y  of the  lymphocyte p re p a ra t io n s  
(Table 1) were most favourab le  using the carbonyl i ron  te ch n iq u e ,  
compared with the  Bttyum and Marie-Curie methods. S im i l a r ly ,  lymphocyte 
v i a b i l i t y  a ssessed  48h a f t e r  beginning c u l t i v a t i o n ,  showed 20% more
v ia b le  c e l l s  p re sen t  in c u l tu re s  prepared by the  carbonyl i ron  Method 
(Table 2).
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The c u l tu r e  of  lymphocytes i s o l a t e d  from goat blood was not very 
success fu l  due to  t h e i r  poor su rv iva l  in c u l t u r e  ( v i a b i l i t y  about 20%)
which i s  in agreement with e a r l i e r  observa t ions  of the  low v i a b i l i t y
of animal lymphocytes ( r a b b i t ,  r a t ,  guinea p ig)  in  c u l tu r e  compared with
human c e l l s  (WiTimer, 1965).
Microscopic examination o f  th in  f i lm  p re p a ra t io n s  of  c e l l s  was 
included in  a l l  experiments to  assess  the  degree of lymphocyte 
t r an s fo rm a t io n .  Only very few c u l tu re s  were u n s a t i s f a c t o r y  and the se  
Were excluded from f u r t h e r  s t u d i e s .
The two s e t s  of r e s u l t s  fo r  AHH a c t i v i t y  presented  in  Tables 3 and 
4 were obta ined  with a t ime lapse  of h a l f  a year  in  the  i s o l a t i o n  of 
f r e s h  lymphocytes.  The r e s u l t s  w i th in  each t a b l e  a re  q u i t e  c o n s i s t e n t .  
However, the  r e s u l t s  in Table 4 are  about t e n - f o l d  lower than those  in 
Table 3. The most l i k e l y  exp lana t ion  fo r  t h i s  d i f f e r e n c e  i s  t h a t  d i f f e r e n t  
batches of fo e t a l  c a l f  serum were used.
Nei ther  au to logous ,  human homologous nor f o e t a l  c a l f  serum had any 
profound e f f e c t  on the  level o f  AHH (Tables 3 and 4 ) .  Whole c e l l s ,  and 
homogenized, f reezed  and thawed or  son ica ted  p rep a ra t io n s  gave s im i l a r  
va lues  o f  AHH a c t i v i t y  (Tables 3 and 4 ) .  Also,  minor changes- in  the
benzo(a)pyrene hydroxylase assay (see Methods) d id  not have any 
de t r im en ta l  e f f e c t  on the  leve l s  of AHH a c t i v i t y  found (Tables 3 and 4).
The presence of co fac to r s  seems to  be e s s e n t i a l  r e g a rd le s s  of  whether 
whole c e l l s  or homogenised c e l l  p rep a ra t io n s  a re  used (experiments 1 and 
2,  Table 4 ) .  This may be because the pe rm eab i l i ty  of th e  c e l l  membrane 
fo r  co fac to r s  i s  in c reased ,  s ince  the  pe rm eab i l i ty  f o r  benzo(a)pyrene 
i s  inc reased  from 20% in mature lymphocytes to  80% in  transformed c e l l s  
(Salmon, e t  a]_, 1978). However, d e s p i t e  the  inc reased  membrane 
p e rm e ab i l i ty ,  benzo(a)pyrene m etabo l i te s  genera ted  by the  AHH system 
did not leak  out from the  in s id e  of the  c e l l  (experiment 3a,  Table 4 ) .
- 181 -
Data presented  in Table 5 showing th e  wide range of  AHH a c t i v i t i e s  
obta ined in  only one la b o ra to ry ,  confirms previous doubts on the  
v a l i d i t y  of  the  benzo(a)pyrene hydroxylase assay fo r  p r e d ic t in g  human 
s u s c e p t i b i l i t y  to  cancer.  The g r e a t  v a r i a b i l i t y  in the  l e v e l s  of AHH 
in d i c a t e s  t h a t  the  method does not f u l f i l l  the  basic  requirements of 
r e p r o d u c i b i l i t y  fo r  a sho r t - te rm  t e s t .  Poss ib le  reasons f o r  the  lack 
of r e l i a b i l i t y  of  the  human lymphocyte induced-AHH assay f o r  carcinogens 
and carc inogen ic  p o te n t i a l  o f  th e  lymphocyte donor a re :
i )  The level of mixed-function ox idase  a c t i v i t y ,  even a f t e r  enzyme 
in d u c t io n ,  i s  so low t h a t  only the  AHH f luo rescence  method i s  s u f f i c i e n t l y  
s e n s i t i v e  to  d e t e c t  t h i s ,  and the  method i s  n o n -sp e c i f ic  fo r  production
of u l t im a te  carcinogens of benzo(a)pyrene,  or  f o r  cytochrome P-448, the  
q c t i y a t tn g  enzyme. Benzo(a)pyrene even undergoes spontaneous hydroxyla tion 
in aqueous s o l u t i o n ,  c a ta ly sed  by l i g h t .
i i )  The lymphocytes have v a r i a b l e  g lucuron ide-con juga t ing  a c t i v i t y  
(Gessner,  e t  al_,1978)and t h i s  w i l l  vary the  y i e l d  o f  AHH f l u o r e s c e n t  p roduc ts .  
Factors  c o n t r o l l i n g  the  g lu c u ro n o sy l t r a n s fe ra se  a c t i v i t y  in  lymphocytes
gre not understood and th e re fo re  the  e f f e c t  on benzo(a)pyrene metabolism 
cannot be p red ic ted  or s tandard ized .
i i i )  The condi t ions  o f  c u l tu r e  a re  c r i t i c a l .  Numerous v a r i a b l e  
f a c to r s  a re  involved ,  e .g .  fo e ta l  c a l f  serum and human serum are  known 
to vary g r e a t l y  and some batches give no meaningful r e s u l t s .
iv) Padieu (Dijon;personal communication) has shown t h a t  human lympho­
cytes  in c u l t u r e  undergo spontaneous t rans fo rm a t ion  with  change o f  P-450 to  
p-448 w i th in  24h of  c u l t u r e ;  hepatocytes  in  c u l tu r e  a l so  have predominantly
P-448 whereas f resh  hepatocytes have P-450 (Parke ,  personal  communication). 
This i s  very v a r ia b le  and depends g r e a t l y  on,  a) the  batches
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of f o e t a l  and human serum, b) the  0^ c o n ce n t ra t io n ,  and c) the  p u r i t y  
of th e  water and the  reagen ts .  The con ten t  of inorganic  Fe i s  
p a r t i c u l a r l y  c r i t i c a l .  I t  i s  well known t h a t  Fe in  water can genera te
hydroxyl r a d i c a l s  so i t  i s  l i k e l y  t h a t  Fe++ i t s e l f  can hydroxyl a te
benzo(a)pyrene.  S im i la r ly ,  th e  Fe++ im pur i t i e s  o f  the  media may be
re sp o n s ib le  f o r  the  mutations and chromosomal damage of th e  c u l tu re d
c e l l s  observed by Padieu.
In view of the se  d e f i c i e n c ie s  in the  AHH assay ,  an a t t r a c t i v e  
a l t e r n a t i v e  fo r  quan t i fy ing  lymphocyte mixed-func tion ox idase  a c t i v i t y  
would be the  0 -d ee th y la t io n  of  e thoxyresoru f in  to  r e s o r u f in .  The 
d i r e c t  f l u o r i m e t r i c  assay is  very s e n s i t i v e  (see Chapter 4,  Table 7;
Burke,e t  aj_,1977b) though not as s e n s i t i v e  as the  AHH assa y ,  and i s  
s p e c i f i c  fo r  cytochrome P-448 (Burke and Mayer, 1974, 1975) whereas the  
AHH assay i s  n o n -sp e c i f ic .  However, p re sen t  s tu d ie s  have f a i l e d  to  
r ep ea t  the  promising f ind ings  of Burke,£t  a]_,(1977a) t h a t  e thoxyre so ru f in  
dee thy lase  a c t i v i t y  i s  r e a d i ly  demonstrable in  3-methylcholanthrene- 
t r e a t e d  m i togen-ac t iva ted  lymphocytes. None of the  23 ind iv idua l  c u l t u r e s  
had any measurable e thoxyresoruf in  d e -e th y la se  a c t i v i t y  (Table 6 ) ,  even 
though a c t i v i t y  was r e a d i l y  de tec ted  in  r a t  l i v e r  microsomal p re p a ra t io n s  
s tu d ied  in  p a r a l l e l  with the  transformed human lymphocytes (Table 7 ) .
The reason f o r  the  lack of e thoxyresoru f in  d e -e th y la se  a c t i v i t y  in lymphocytes
i s  not known, but the  components o f  the  c u l tu r e  medium have been shown to  
i n h i b i t  the  d e th y la t io n  re a c t io n  (Table 8 ) .  Removal of  the  whole medium 
followed by double washing of the  lymphocytes with 0.1 M Tris-HCl b u f f e r  
(pH 8 .5 )  should have been s u f f i c i e n t  to remove i n h i b i t i n g  f a c t o r s ,  but 
p e r s i s t e n t  lack of de tec t io n  of e thoxyresoru f in  dee thy lase  a c t i v i t y  in  
numerous lymphocyte c u l tu re  in d ic a te s  t h a t  o the r  reasons are  r e s p o n s ib l e .
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In one c u l tu r e  of  3-methylcholanthrene- induced m i togen-ac t iva ted  
lymphocytes, h a l f  were assayed f o r  e thoxyresoru f in  deethylase  a c t i v i t y
and ha l f  f o r  NADH cytochrome c reduc tase  a c t i v i t y ;  whereas NADH 
cytochrome c reduc tase  a c t i v i t y  was e a s i l y  monitored with the  l i n e a r  
r e a c t io n  r a t e  up to  6 min (Fig.  2 ) ,  no e th oxyre so ru f in -dee thy la se  
a c t i v i t y  was de tec ted .  This experiment may in d i c a t e  the  presence of 
e thoxyresoru f in  o -dee thy lase  i n h i b i t o r s  (see Table 8) r a t h e r  than the
func t iona l  f a i l u r e  of th e  lymphocytes.
/
I t  would thus  appear t h a t  p re sen t  techniques  f o r  lymphocyte 
c u l t u r e ,  and AHH determina t ion  a f t e r  incubat ion  of the  mitogen- 
transformed lymphocytes with carc inogens ,  a re  s u b jec t  to  very wide 
and unknown v a r i a t i o n s  which give v a r i a b l e  r e s u l t s .  Furthermore,  
a t e s t  of  t h i s  n a tu re  should probably be based on the  s p e c i f i c  
de te rmina tion  of cytochrome P-448 a c t i v i t y  ( t h i s  form of the  cytochrome 
is  c h a r a c t e r i s t i c  o f  malignant  t i s s u e  and i s  more a c t i v e  in the  
a c t i v a t i o n  of  c a r c in o g e n s ) , and not on a n on -spec i f ic  assay f o r
m u l t ip l e  cytochromes P-450. Probably non-carc inogenic  chemicals 
would a lso  in c rease  AHH (e .g .  phenobarbitone p re t rea tm en t  a l s o  inc reases
AHH), Fur thermore ,  hydroxyl r a d i c a l s  and o th e r  forms of  a c t i v e  oxygen
a lso  in c rease  apparen t  AHH a c t i v i t y  (Paine ,  1978).
Therefore ,  much more r igorous  condi t ions  of  c u l t u r e  o f  the  
lymphocytes o r  o th e r  c e l l s  a re  needed, i . e .  growth in Fe++- f r e e  media, 
a t  low Og te n s io n .  Probably hepatocytes from experimental  animals 
(p r im a te s , dogs) would be an improved b io lo g ica l  system as the se  a re
known to  have cytochrome P-450 predominating when normal, and cytochrome 
P-448 when transformed. Moreover, the  y i e l d  of  mixed func t ion  ox idase  
a c t i v i t y  in l i v e r  c e l l s  i s  g r e a t e r  (x 100) than in lymphocytes, so t h a t
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s e n s i t i v i t y  i s  h ighe r ,  and the  more s p e c i f i c  but l e s s  s e n s i t i v e  
e thoxyreso ru f in  deethy lase  assay could be used. Fur ther  s p e c i f i c i t y  
could be in troduced by using 9 -hydroxyel 1i p t i ci n e , a known s p e c i f i c  
i n h i b i t o r  of cytochrome P-448 (Lesca,  e t  a l , 1979).
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CHAPTER 7 
GENERAL DISCUSSION
MIXED-FUNCTION OXIDATIONS IN THE ACTIVATION OF CHEMICALS
Environmental chemicals a re  metabolised by d i f f e r e n t  pathways, 
some r e s u l t i n g  in d e to x ic a t io n  and o th e r s  in a c t i v a t i o n .  The drug 
metabolis ing  enzymes serve mainly to  d e to x ic a te  chemicals ,  but these  
same enzymes appear r e spons ib le  a l so  f o r  c a ta ly s in g  a c t i v a t i n g  
r e a c t io n s .  The major mammalian system of  d e to x i f i c a t i o n  and a c t i v a t i o n  
o f  environmental chemicals i s  the  microsomal enzyme complex of  mixed- 
func t ion  oxidases .  The products o f  t h i s  r e a c t io n  a re  o f ten  uns tab le  
r e a c t i v e  in te rmedia tes  such as epoxides ,  capable  o f  causing damage to  
c e l l u l a r  c o n s t i t u e n t s .  They a re  h ighly  r e a c t i v e  chemical spec ies*  
g e n e ra l ly  e l e c t r o p h i l e s  such as carbonium ions ,  carbenes and f r e e  
r a d i c a l s ,  which r e a d i ly  r e a c t  with various  t i s s u e  components and may 
become covalen t ly  bound to  p r o t e i n ,  RNA or  DNA. The a lk y la t i o n  of  
DNA i s  gene ra l ly  be lieved to r e s u l t  in mutations  and in the  i n i t i a t i n g  
processes o f  c a r c in o g e n e s i s . In a d d i t io n  to  the  a lk y l a t i o n  o f  DNA, 
r e a c t iv e  in te rmedia tes  may a l so  damage b io log ica l  membranes and enzymes, 
inc luding  the  endoplasmic re t icu lum ,  with consequent changes in  g lyco­
p ro te in  sy n th e s i s ,  r e s u l t i n g  in a l t e r a t i o n  in the  c e l l  g lycoca lyx ,  th e  
lysosomal membranes and enzymes, and mitochondria l  and o th e r  c e l l u l a r  
membranes and consequent changes in c e l l  func t ion  (Delauney and S h ap i ra ,  
1974; Parke,  1977a,1983; Parke and Ionannides,  1982). Moreover, chemicals 
form complexes with cytochrome P-450 ( e .g .  s a f r o l e ) , which r e s u l t  in 
changes in  the  mixed-function oxidases with  loss  o f  the  normal cytochrome 
P-450 a c t i v i t y  and appearance o f  cytochrome P-448-type a c t i v i t y  (Parke 
and loannides ,  1982).
A few examples o f  chemicals a c t i v a t e d  by mixed-function o x id a t io n s  
and the various  molecular mechanisms involved,  are  d iscussed  below.
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Benzo(a)pyrene: The metabolism and t o x i c i t y  o f  t h i s  ub iqu i tous  env iron­
mental carcinogen have been s tud ied  most e x te n s iv e ly .  The mechanism o f  
metabolic  a c t i v a t i o n  involves  the  formation o f  arene oxides (epoxides) 
and probably qu inones . The presence o f  a phenanthrene nucleus w i th in  the  
chemical s t r u c t u r e  o f  benz(a)pyrene (a common proper ty  with  o th e r  c a rc in o ­
genic po lycyc l ic  hydrocarbons,  e . g .  benzo(a)an thracene ,  3-m ethy lcho lan threne ,  
chrysene) i s  c r i t i c a l  fo r  the  a c t i v a t i o n  o f  th e se  p o lycyc l ic  hydrocarbons 
w i th in  a "bay-region" o f  t h i s  phenanthrene nucleus ( J e r i n a  and Daly,  1977; 
J e r i n a  and Lehr,  1977). Oxidation ca ta ly sed  by mixed-function  oxidase  may 
occur a t  the  4 , 5 - p o s i t i o n ,  the  K-region p o s i t i o n ,  the  7 , 8 - p o s i t i o n ,  o r  a t  
the  "bay-region" 9 ,1 0 -p o s i t io n  ( J e r in a  and D a ly ,1974; Sims and Grover,  1974; 
Yang^et aT, 1978) (F ig .  1).  Fur ther  metabolism takes  place  mainly along 
the  d e to x i f i c a t i o n  pathways with only a small f r a c t i o n  o f  benzo(a)pyrene 
being processed to u l t im a te  carc inogen ic  m etabo l i te s  ( H e r b s t ,£ t  afl_, 1971).
The 4 , 5 - ,  7 ,8 -  and 9 ,10-ox ides ,  when e n te r in g  the  a c t i v a t i o n  pathway are  
metaboli sed by the  microsomal enzyme, epoxide hy d ra ta se ,  to  the  corresponding 
t r a n s  d ihydrod io ls .  The 7 ,8 -  and 9 ,1 0 -d io l s  s t i l l  conta in  o l e f i n i c  bonds which 
may be ox id ised  by mixed-function oxidase  to  e pox ides . The u l t im a te
carc inogenic  form o f  benzo(a)pyrene i s  claimed to be the  a n t i - i s o m e r  o f  the  
7 , 8 - d i o l - 9 , 10-epoxide,  as judged by numerous observa t ions  inc lud ing  the  
type o f  RNA and DNA adducts i s o l a t e d  from t i s s u e s  t r e a t e d  in v i t r o  (Sims, e t  
a l , 1974; King e t  aT, 1976; Weinstein e t  £]_, 1976).
An a l t e r n a t i v e  pathway o f  the  enzymic o x id a t io n  o f  benzo(a)pyrene 
to  6-hydroxybenzo(a)pyrene,  v ia  a c a t io n  f r e e  r a d ic a l  i n t e r m e d i a t e , has been 
proposed (Caspary, e t  al_, 1973). The benzo(a)pyrene ca t ion  f r e e  r a d i c a l ,
an e l e c t r o p h i l i c  agent ,  r e a c t s  e a s i l y  with n i t rogenous  compounds such as 
p u r tn e s ,  pyr imidines ,  nucleos ides  and DNA (Wilke and Girke ,  1969,
Les ko, e t  a l ,  1969). In add i t io n  to  the  format ion of  DNA complexes,  
carc inogen ic  potency of benzo(a)pyrene may depend on i t s  a b i l i t y  
to  genera te  hydrogen peroxide ,  superoxide and o the r  a c t i v e  forms
M ercapturates, 
phenols and 
quinones
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o f  oxygen via  s in g le  e lec t ron  reduc t ion  of  qui none m etabo l i te s  (Fig.  2 ) ,  
(Lorentzen and T s 'o ,  1977; Parke,  1982c). Fur the r  evidence t h a t  the
r e a c t i v e  spec ies  o f  chemical carcinogens may be oxidants or f r e e -  
r a d ic a l  s i s  a f forded by the i n h i b i t i o n  o f  chemical carc inogenesis  by 
a n t io x id a n t s  and f r e e - r a d i c a l  scavengers (Wattenberg, 1980).
Paracetamol : This mild ana lges ic  i s  used more and more in p reference
to  a s p i r i n  (Spooner and Harvey, 1976). I r o n i c a l l y ,  as much as i t  i s  
b e n e f i c i a l  when taken a t  t h e ra p e u t i c  doses ,  i t  can a lso  cause severe  h e p a t i c  
in ju r y  when taken in excess over long per iods  (Boyd and Bereczky,
1966; Gilmore and Tourvas, 1977; Bowkowsky, e t  a j ,  1978),  and i s  l e th a l  
with severe  hepat ic  and renal l e s io n s  following overdosage (Davidson 
and Eastham, 1966; M i t c h e l l , e t  a]_, 1973b;Davis,  e t  a L  1976; McMurtry, 
e t  aJL, 1978). Other widely used mild a n a l g e s i c s ,  phenacet in and 
b e n o r i l a t e ,  a re  a source of paracetamol re le a se d  during t h e i r  metabolism, 
and a c t i v a t i o n  of paracetamol may lead to  the  development of  hepa t ic  
damage (Nelson, e t  al_, 1978; Hinson, e t  aTU 1979; Sacher and T ha le r ,
1977).
Paracetamol hepa to tox ic i ty  i s  dependent on a c t i v a t io n  by the  
mixed-function oxidase system (Jollow,  e t  al_, 1973; M i t c h e l l ,  e t  a l ,
1973b;Healey,  e t  a j ,  1978). The e l e c t r o p h i l i c  a r y l a t i n g  m e ta b o l i t e  of 
paracetamol has been demonstrated ( P o t t e r  e t  aj_, 1974; M i tc h e l l ,  e t  al 
1973a;Jol low, e t  a L  1974) but i t s  i d e n t i t y  i s  s t i l l  u ncer ta in .
Recent ly  DeVries (1981) has suggested the  semiqui none f r e e  r a d ic a l  as 
the  a c t i v e  paracetamol m e tabo l i te .
The proposal implies i n h i b i t i o n  of th e  t r a n s f e r  of th e  second 
e le c t r o n  from NADPH to  the  oxy-ferrocytochrome-substra te  complex, fol lowed 
by d i s s o c i a t i o n  of  the  semiqui none of paracetamol and the  genera t ion  
a c t i v e  oxygen spec ies  from the complex (Fig.  3).
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The semiquinone rad ica l  i s  a h ighly  r e a c t iv e  s p ec ie s ,  and by a 
c y c l i c  o x id a t io n - r e d u c t io n  process in the  presence o f  NADPH-cytochrome 
c r ed u c ta se ,  the  semiquinone i s  oxid ized by molecular oxygen to  the  
quinoneimine,  with  g enera t ion  o f  superoxide (F ig .  4 ) .
Both the  semiquinone rad ica l  and a c t iv e  oxygen species  (HgOg and 
02’ ) can i n t e r a c t  wi th  i n t r a c e l l u l a r  p r o t e in s .  In a d d i t i o n ,  th e  semi­
quinone rad ica l  i s  ab le  to  conjugate with  g lu ta th ione  (De V r ie s ,  1981). 
Consequently,  the  h ep a t i c  GSH pool i s  deple ted  in acute  paracetamol 
poisoning ( M i t c h e l l , e t  £ l ,  1974).  This i s  due to g lu ta th io n e  being 
excre ted  as th e  pa race tam ol-g lu ta th ione  conjugate  and ox id ized  as a major 
component o f  c e l l u l a r  defence (with g lu ta th io n e  peroxidase)  a g a in s t  a c t i v e  
forms o f  oxygen (H^O^ and O ^") . The r e s u l t  o f  g lu ta th io n e  d e p le t io n  i s  
a u to x id a t iv e  damage to c e l l u l a r  s t r u c t u r e s ,  which may be observed as l i p i d  
pe rox ida t ion .  A dose- response  r e l a t i o n  between paracetamol i n t o x i c a t i o n  
and l i p i d  pe rox ida t ion  has been demonstrated in s ta rved  mice (Wendel, e t  a l ,
1979). In l i n e  with  t h i s  view i s  t h a t  d ie thy l  maleate which i s  e x c lu s iv e ly  
metabolised v ia  g lu t a th io .n e - S - t r a n s f e r a s e s , does not alone cause s i g n i f i c a n t  
l i p i d  p e ro x id a t io n ,  a l though i t  completely dep le tes  h e p a t i c  g lu t a th io n e  
(Wendel, ^ t  al_, 1979) . Also lo s s  o f  pe rm eab i l i ty  b a r r i e r s , le ad ing  to  
accumulation o f  water  and sodium, and lo s s  o f  potassium (acu te  l e th a l  
in ju ry )  found in  both e th io n in e  and paracetamol p o ison ing , i s  caused by 
ATP d e f ic ien c y  in the  case o f  e th ion ine  (Judah, e t  ^1_, 1966) and by lo s s  
o f  organised membrane s t r u c t u r e  with parace tamol ,  as judged by a major 
leakage o f  enzymes from c e l l s  (McLean and N u t t a l l , 1978).
Carbon T e t r a c h l o r i d e : For a number o f  halogenated hydrocarbons,  s t a b i l i t y
o f  the  carbon-halogen bond and h e p a to to x ic i t y  are  in v e r s e ly  r e l a t e d ,  
support ing  the  hypothesis  o f  a f r e e - r a d i c a l  pathway. Accord ingly ,  bromo- 
t r ich lorom ethane  i s  about t h i r t y  times more to x ic  than carbon t e t r a ­
ch lo r id e  (Frank, e t  a l , 1978) which is  i t s e l f  a s t ro n g ly  h epa to tox ic
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chemical. Microsomal mixed-function oxidase metaboli ses  carbon t e t r a ­
c h lo r id e  and o th e r  halogenated hydrocarbons in to  f r e e - r a d i c a l s  through 
reduc t ive  dehalogenation by cytochrome P-450 (U l l r i c h ,  e t  aj_, 1978).
In an e a r ly  s tag e  o f  the  l i v e r  damage, carbon t e t r a c h l o r i d e  produces 
a marked in c re a se  in the  level of  conjugated dienes  in microsomal l i p i d s  
(Klaassen and P laa ,  1969), enhanced alkane product ion (Frank, e t  a l ,
1980) and a loss  o f  cytochrome P-450 and drug-metaboli s ing enzyme
a c t i v i t y  ( S l a t e r ,  1965; Dingell  and Heimberg, 1968). I t  has been 
suggested by Glende, e t  aj.» (1976) t h a t  the  l a t t e r  events a re  not 
caused by d i r e c t  a t t a c k  o f  the  f r e e  r ad ica l  products of  CCl^, but are  
mediated by l i p i d  pe rox ida t ion .  The t r ich loromethy l  r a d ic a l  i n t e r ­
mediate (CClg') in the  presence of oxygen, forms an oxygenated f r e e -  
r a d ic a l  (CClgOg') (Tomasi, e t  aj_, 1980) tog e th e r  with the  genera t ion  
of superoxide and o th e r  f r e e  rad ica l  species  of oxygen (Ahr, e t  a l ,
1980),  a l l  r e s u l t i n g  in the  au tox ida t ive  c e l l u l a r  i n ju r y .  The format ion 
of  a lk an es ,  the  u l t im a te  products o f  f r e e  alkyl r a d i c a l s  genera ted  by 
a u to x id a t iv e  p ro cesses ,  was a l so  markedly e leva ted  in in v i t r o  s tu d ie s  
with CCI^ (Masuda and Murano, 1977; Frank, e t  a h  1980; p re sen t  s tudy .  
Chapter 4 ) .
The major m e tab o l i t e  of CCl^ po s tu la ted  by Ahr,e t  aj_ (1980) i s  
carbonyl c h lo r id e  (COClg) and CHClg (Pohl , e t  a L  1980), which a re  
both de tox ica ted  by i n t e r a c t i o n  with GSH to form d ig lu ta th io n y l  
d i th io c a rb o n a te  (GSC0SG) (P oh l , et_ aj_, 1981). The exhaustion o f  the  
GSH pool u t i l i s e d  in defence a g a in s t  au tox ida t ion  and a l so  in d e to x ic a t io n  
of u l t im a te  m e tabo l i te s  of CCl^ exacerbates  the  s e v e r i t y  of  th e  c e l l u l a r  
in ju r y .
In a d d i t i o n ,  the  halocarbon f r e e  r a d i c a l s  may form carbanion  
complexes with the  cytochrome P-450 (Ahr, e t  aj_, 1982), o r  may undergo 
f u r t h e r  dehalogenation to  form carbenes , which a lso  subsequently  form 
cytochrome P-450 l igand complexes ( U l l r i c h , e t  aJU 1978;Ahr, e t  al_, 1980).
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Subsequent decoupling o f  the  cytochrome from i t s  reductase  may follow 
with an enhanced genera t ion  o f  superoxy anion and hydroxyl rad ica l  
( P a r k e , 1982c).
FLAVOPROTEIN OXIDATIONS
Two microsomal f l a v o p r o t e i n s , NADH-cytochrome reduc tase  and 
NADPH-cytochrome c (cytochrome P-450) reduc ta se ,  have been shown to 
c a ta ly s e  the  t r a n s f e r  o f  a s in g l e  e l e c t r o n  to  qui nones (lanagai and 
Yamazaki, 1969).  The one e l e c t r o n  reduc t ion  o f  quinones to  semi-quinone 
r a d i c a l s  which func t ion  as f r e e - r a d i c a l  generato rs  ( F i g . 5 ) ,  c o n t r ib u t e  
to au to x id a t iv e  in ju r y  w i th in  a c e l l , followed by ex tens ive  t i s s u e  damage 
(Tunek,et  a j ,  1980; Powis ,£ t  al_, 1981). A number o f  aromatic  compounds, 
e . g .  benzene ,are  f i r s t  metabolised  by mixed-function oxidase to  ca techo ls  
and quinols  which are  thenau tox id ised  to o r tho-  and para-quinones and then 
undergo s in g l e  e l e c t ro n  reduc t ion  to semiquinones by f l a v o p r o t e i n s ,  as 
shown in Fig.  5. The p a t t e rn  o f  benzene t o x i c i t y ,  inc lud ing  the  rad io -  
mimetic e f f e c t s  and a p l a s t i c  anaemia is  ass igned to t h i s  mechanism o f  f r e e  
r a d ic a l  genera t ion  from the  known m e ta b o l i t e s ,  quinol and l , 2 ,4 - t r ih y d ro x y - 
benzene (G reen lee ,e t  j ü ,  1981). In an analogous manner to the  reduc t ion  o f  
benzoquinone o r  menadione (2-methyl- 1 ,4-naphthoquinone),  microsomal cy to ­
chrome P-450 reduc tase  provides a s in g l e  e l e c t ro n  f o r  reduc t ion  o f  an th ra -  
cyc l ine  an t i - tum our  a n t i b i o t i c s  (mitomycin-C, daunorubicin and adriamycin)
(Handa and Sa to ,  1975; Bachur,£ t  al^, 1978; 1979). The u l t im a te  outcome o f  
the  cycle  o f  r e a c t io n s  i s  the  genera t ion  o f  superoxide an ion ,  in  th e  absence 
o f  reduc t ion  o f  the  quinone compounds to  quinols  and d e to x ic a t io n  by con juga t ion  
with g lucuron ic  acid  o r  su lp h a te .  The in te rm ed ia te  m e tabo l i te s  o f  t h i s  c y c l e ,  
semiquinones,  bind r e a d i ly  to p ro te in s  and DNA, with p o s s ib le  DNA s t r a n d  
s c i s s io n  (B er l in  and H a se l t in e ,  1981), which leads  the way to  mutagenic 
and carc inogenic  type o f  i n ju r y .
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CYTOCHROME P-450-DEPENDENT GENERATION OF HYDROGEN PEROXIDE
Recently i t  has been e s t a b l i s h e d  t h a t  the  c y c l i c  func t ion  o f  
cytochrome P-450, in the  presence of c e r t a i n  s u b s t r a t e s ,  i s  a s so c ia te d  
with the  formation of  s i g n i f i c a n t  amounts o f  hydrogen peroxide  
(Hildebrandt and Roots , 1975; Kuthan, e t  a L  1978). C er ta in  s u b s t r a t e s  
of cytochrome P-450, such as benzphetamine and h e x o b a r b i t a l , s t im u la te  
the  r a t e  o f  hydrogen peroxide formation concomitant with the  o x id a t iv e  
t rans fo rm a t ion  of these  s u b s t r a t e s  (Es tabrook and Werr ingloer ,1977; Nordblom 
and Coon, 1977). S im i la r ly ,  f lavone and benzoflavonemarkedly s t im u la te  
hydrogen peroxide  formation in man and r a b b i t  l i v e r  microsomes 
(Hi ldebrandt ,  e t  al_, 1980). The mechanism o f  hydrogen peroxide  formation
has been suggested by Estabrook, _et a l , (1979) to  be as fo l lows:
R-OH
h2o"
I
I
\ (
\
\
(NADPH)
/
/
2 ^ X
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Figure 6. The cycle  of cytochrome P-450 func t ion  i l l u s t r a t i n g  two
p o ss ib le  mechanisms fo r  the  formation of hydrogen peroxide  
(Estabrook, e t  a l ,  1979).
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The p re sen t  work with carbon d i su lp h id e ,  to g e th e r  with the  r e s u l t s  
produced by o th e r  i n v e s t i g a t o r s , has led us to  consider  a s im i l a r  p a t t e r n  
of hydrogen peroxide  or  superoxide formation concomitant with carbon 
d i su lp h id e  metabolism. The i n d i r e c t  evidence support ing t h i s  proposal 
i s  as fo llows:
1) The s i t e  of a t t a c k  of carbon d isu lph ide  a c t iv e  m e tabo l i te s  with in  
the  microsomal membrane i s  confined to  cytochrome P-450 (Neal, e t  a l ,
1976; Savola inen, e t  aj_, 1977).
2) The i n i t i a l  g r e a t e r  loss  of  biphenyl 4 - hydroxylase a c t i v i t y  than 
cytochrome P-450 in vivo in d ic a te s  t h a t  i n h i b i t i o n  of the  cytochrome 
P-450 occurs before  i t s  déna tu ra t ion  (p resen t  s tudy ,  Chapter 2).
3) Moreover, when animals a re  t r e a t e d  with carbon d i s u lp h id e ,  the
in v i t r o  measured r a t e  of NADH o x ida t ion  i s  e leva ted  without change 
in NADPH ox ida t ion  (Sokal , unpublished o bserva t ions )  which suggests  
"uncoupling" o f  NADPH cytochrome P-450 reduc ta se  from cytochrome P-450.
The inc rease  in NADH cytochrome c reduc tase  (Sokal , 1973) i s  in agreement 
with the  above f in d in g s .
4) The s t r o n g e s t  evidence (although i n d i r e c t  a l s o )  support ing the  
assumption o f  oxygen rad ica l  formation concomitant with CS^ metabolism 
i s  a f in d in g  of increased  l i p i d  p e rox ida t ion .  Elevated a c t i v i t y  o f  the  
marker enzyme fo r  microsomal l i p i d  p e ro x id a t io n ,  namely UDP-glucuronyl- 
t r a n s f e r a s e  has been repor ted  ( J d r v i s a l o ,  _et al_, 1977a and b ;Jc l rv isa lo  
and Vain io ,  1978; J H r v i s a lo , e t  aj_, 1979). In a d d i t i o n ,  inc rease  in 
v i t r o  e thane production by a microsomal p re p a ra t io n  incubated  with CSg has 
a l so  been found in the  p resen t  study (Chapter 4 ).
I n t e g r a t i o n  of  th e  above in format ion r e s u l t s  in a proposed 
metabolic  a c t i v a t i o n  pathway f o r  CS^. F i r s t l y ,  carbon d isu lph ide  
occupies a s i t e  on cytochrome P-450 and goes through the  whole cyc le  
of  cytochrome P-450 o x ida t ive  f u n c t i o n , producing carbonyl su lphide
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and atomic su lphur  (sulphene) .  In the  next s t e p ,  carbonyl su lph ide  follows the  
cycle  to  be ox id ised  to  carbon dioxide  (de to x ica t io n )  and more sulphene 
su lphur  ( a c t i v a t i o n ) .  Sulphene d i r a d ic a l  (S '*) i s  very r e a c t i v e ,  and, 
a t  tiie moment of i t s  formation ,  r e a c t s  with cytochrome P-450. Assuming 
t h a t S " a t t a c k s  more than one s i t e  on cytochrome P-450, i t s  continuous 
"flow" could t h e r e f o r e  a f f e c t  more than one s tep  o f  the  cytochrome P-450 
fun c t io n  cycle .  I f  S "  becomes cova len t ly  bound near  to  th e  s i t e  of a t t a c h ­
ment of  the  molecular oxygen ( th a t  i s  a t  the  cys te ine -S  o f  th e  f i f t h  
l igand )  thus forming F e -S -S -C y s - ) , i t  would i n t e r f e r e  with the  binding 
of  molecular 0^ to  the  cytochrome and would i n h i b i t  i t s  mixed-function 
oxidase  a c t i v i t y  (see Discussion to  Chapter 3).  The sulphene a t t a c k  a t  
the  n u c leo p h i l i c  sulphydryl groups o f  c y s te in e  s ide -cha ins  of  oxycyto­
chrome P-450 or  peroxycytochrome P-450 a l so  r e s u l t s  in the  format ion of  
hydrodisulphide  (R-S-S-H) (Catignani and Neal, 1975). Th is ,  in  tu rn  
could change the  conformational s t r u c t u r e  of the  cytochrome P-450 
apoprote in  and r e s u l t  in  the  d i s s o c i a t i o n  o f  e i t h e r  superoxide anion 
or hydrogen peroxide  (Figure 6).  This " sh o r t  c i r c u i t "  would r e p r e s e n t  
an "abor t ing"  of  the  ro l e  of cytochrome P-450 f o r  oxygen a c t i v a t i o n  
and s u b s t r a t e  t rans fo rm a t ion  to  oxidized p r o d u c t s , as p o s tu la ted  by 
Estabrook, et.jil_ (1979) and demonstrated f o r  CSg by loss  o f  m ixed-func t ion  
ox idase  a c t i v i t y  and formation of  to x ic  forms of  oxygen, r e s u l t i n g  in
a u to x id a t iv e  t i s s u e  i n ju r y .
CARBON DISULPHIDE TOXICITY
C l in ic a l  Syndromes and Catecholamines: The c l i n i c a l  m a n i fe s t a t io n s  of 
chronic  i n d u s t r i a l  poisoning with carbon d i su lp h id e  a re  a s s o c i a t e d  mainly 
with th e  nervous and c i r c u l a t o r y  systems. Dis turbed catecholamine 
metabolism has been suggested by Magos (1972) to  be re sp o n s ib le  f o r  
the  c l i n i c a l  outcome of  the  poisoning with CS^ (Fig.  7) .  Catecholamines 
a re  known to  be involved in the r e g u la t io n  of the  nervous and c i r c u l a t o r y
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systems, to  in f lu en ce  va so regu la t ion  (Furchgot t ,  1955) and bas ic  metabolic  
processes .
CS2 r e a c t s  with amines (or t h i o l s )
i n h i b i t i o n  of ch e la t io n ^ D is tu rbance  of
catecholamine
metabolism
pyridoxal enzymes
I n h ib i t i o n  of 
dopamin e -3 -hydroxylase
General metabol ic  
yZ d i so rd e r s  
( l i p i d ,  e t c . )
Vegeta tive  
l a b i l i t y  <
ACUTE PSYCHOTIC 
EPISODES
POLYNEUROPATHY
CORONARY 
HEART DISEASE ATHEROSCLEROSIS VASCULARENCEPHALOPATHY
EXTRAPYRAMIDAL SYMPTOMS
Figure 7. The hypo the t ica l  connect ion between catecholamine metabolism 
and c l i n i c a l  m an i fe s ta t io n  due to  subnarco t ic  CS2 exposure.  
(Magos, 1972).
Formation o f  d i t h i o -  and t r i t h io - c a r b a m a te s  by r e a c t io n  of carbon
d isu lph ide  with amino and t h i o l  groups i s  a c r i t i c a l  s t ep  (as can be
seen in F i g . 7 ) ,  i n i t i a t i n g  f u r t h e r  even ts .  The catecholamines metabolism
can be a f f e c t e d  e i t h e r  d i r e c t l y  or due to  c h e la t io n  of z inc  and copper
by d i t h i o -  and t r i t h io - c a r b a m a te s  thus  i n h i b i t i n g  copper-dependent 
dopamine-3-hydroxylase (Soucek and Madlo, 1956; Kaufman and Friedman, 1965;
Cohen, e t  a]_, 1959).
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The ove ra l l  e f f e c t  of the  metabolic  d i so rd e r  in  catecholamine 
metabolism was ind ica ted  by the  abnormally low norad rena l ine  concen t ra t ion  
in the  CNS (Magos and J a r v i s ,  1970). Consequently,  th e  s e n s i t i v i t y  of 
dopaminergic recep to r s  in the  extrapyramidal system t o  amphetamine i s  
inc reased .
In a d d i t i o n ,  myocardial t o x i c i t y  of noradrena l ine  was enhanced by 
C$2 , r e s u l t i n g  in myocardial n e c r o s i s ,  in cond i t ions  which rende r  carbon 
d isu lph ide  hepa to tox ic  ( s t a r v a t io n  and phenobarbitone p re t rea tm en t  
(Chandra, e t  aj^, 1972).
Mechanism of  H e p a to to x ic i ty :  The cova len t  binding of sulphene to  cytochrome 
P-450 t s  a recognised mechanism of t o x ic  a c t i o n  of carbon d i su lp h id e  in the  
l i v e r  (Dalv t,  e t  al_, 1975; Cat ignani and Neal, 1975; Savola inen ,  e t  al_9 
1977). The same mechanism may a l so  apply to  o th e r  t i s s u e s  which have mixed- 
func t ion  oxidase  a c t i v i t y  a s ,  in a d d i t io n  to  l i v e r ,  microsomes of  lung and 
b ra in  have a l so  been shown to  desulphura te  o x id a t iv e ly  s u lp h u r -c o n ta in in g  
drugs (DeMatteis,  1974; Norman and Neal,  1976).
In the  carbon d isu lph ide  model, sulphene binding t o  cytochrome P-450 
i s  followed by loss  in enzymic a c t i v i t y ,  r e f l e c t e d  by p ro g res s iv e  lo s s  of 
mixed-function oxidase a c t i v i t i e s ,  with subsequent decoupling of  th e  
NADPH-cytochrome P-450 re d u c ta se ,  and déna tu ra t io n  and f i n a l l y  degrada t ion  
o f  cytochrome P-450 i t s e l f  (Obrebska, e t  al_, 1980). Cytochrome P-450, 
while fu n c t io n a l ly  i n h ib i t e d  by cova len t  sulphene binding w i l l  probably  
begin to  genera te  superoxide anion via  the  shunt in the  cyc le  (Estabrook,  
e t 1979) .  F a i lu r e  of the  au to x id a t iv e  defence mechanisms (pheno­
barb i tone  and carbon d isu lph ide  t r e a t e d  r a t s  a re  dep le ted  of  g l u t a t h i o n e ,  
as found by Moore* 1982), would i n i t i a t e  the  au to x id a t iv e  damage w i th in
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the  c e l l  with the  involvement of p e rox ida t ive  in ju ry  of the  endoplasmic 
re t icu lum.  The marker enzyme fo r  the  d e tec t io n  of l i p i d  pe rox ida t ive  
damage w ith in  the  endoplasmic re t i cu lu m ,  namely, UDP glucuronosyl-  
t r a n s f e r a s e ,  has indeed been found to  be e leva ted  by CS^, as has the  
diene conjugat ion of microsomal l i p i d s  ( J S r v i s a l o , e t  a]_, 1977b; 1979).
Our r e s u l t s  confirm the  involvement of l i p i d  pe rox ida t ion  in the  
t o x i c i t y  of carbon d i s u lp h id e ,  in t h a t  we found t h a t  in v i t r o  a d d i t io n  
of EOTA prevents  the  loss  of  cytochrome P-450 due to  CSg (Obrebska, 
e t  aj_, 1980). EDTA i s  known to  prevent the  d e s t r u c t io n  of  cytochrome 
P-450 by l i p i d  perox ida t ion  (Levin,  e t  aj_, 1973).
Fur ther  support  fo r  the  involvement of l i p i d  pe rox ida t ion  in carbon 
d isu lph ide  t o x i c i t y  i s  a l so  provided in the  p resen t  s tudy,  by the  inc reased  
ethane production by an in v i t r o  system comprising microsomes, an MADPH- 
genera t ing  system and carbon d isu lph ide  (Chapter 5).  The r a t e  o f  e thane 
production by carbon d i su lph ide  compares well with t h a t  generated  by 
carbon t e t r a c h l o r i d e  (Chapter 6 ) ,  a compound recognised fo r  i t s  a b i l i t y  
to  produce an a u to x id a t iv e  t i s s u e  in ju ry  ( U l l r i c h ,  e t  a/[, 1978; Ahr, e t  a l ,
1980).
In a d d i t i o n ,  carbon d i s u lp h id e ,  l i k e  the  hepato toxic  c h lo r in a te d  
hydrocarbons, has been shown to  i n h i b i t  the  calcium pump of  th e  endoplasmic 
re t icu lum (Moore, 1982). I t  has been suggested t h a t  d i s ru p t io n  o f  calcium 
homeostas is , and a l t e r a t i o n  o f  i n t r a c e l l u l a r  calcium d i s t r i b u t i o n ,  by 
these  tox in  may i n i t i a t e  a s e r i e s  of events t h a t  te rm ina tes  in c e l l  death 
(Schanne, e t  al_, 1979; Moore, 1980; Lowrey,e t  a]_, 1981),  a l though i t
may well be t h a t  both l i p i d  pe rox ida t ion  w i th in  the  membrane and damage 
to  the  calcium pump are  equa l ly  important in the  development of hep a t i c
n e c r o s i s , or  may even be "synonymous".
ALTERNATIVE METHODS FOR EXAMINING AUTOXIDATION
The most commonly used method f o r  quan t i fy ing  aut o x i da t ion  ( l i p i d  
pe rox ida t ion)  i s  the  extermination o f  t h i o b a r b i t u r i c  a c id - r e a c t in g  
substances  (mainly malondialdehyde) formed in the  autoxi da t ion  o f  
po lyunsa tu ra ted  l i p i d s  (Asakawa and Matsush i ta ,  1979).  However, d e sp i t e  
i t s  wide a p p l i c a t i o n ,  t h i s  assay i s  not s u i t a b l e  f o r  in vivo s t u d i e s ,  
as malondialdehyde i s  known to be r a p id ly  metabolized in vivo (Barber  
and Bernheim, 1967; Horton and Packer ,  1970; Trombly, e t  aj_, 1975) as 
well as r e a c t in g  with t i s s u e  components (Ohio and Tappel,  1969).  Another 
usefu l method i s  examination o f  t i s s u e  e x t r a c t s  f o r  the  presence o f  
conjugated dienes formed during pe rox ida t ion  o f  u nsa tu ra ted  f a t t y  ac id s  
(Sel l  and Reynolds, 1969), o r  eva lua t ion  o f  the  l y s i s  o f  red blood c e l l s  
(Schulz and Kappus, 1980). A va luable  technique  developed r e c e n t ly  i s  
based on the  measurement of  alkane format ion ,  the  u l t im a te  products  o f  
f r e e  a lkyl r a d i c a l s  generated by a u to x id a t iv e  processes  (Burk and Lane,
1979; Sagai and Tappel, 1979; Frank e t  j ü ,  1980).  Marked in c re a se  in 
the  production o f  alkanes a ssoc ia ted  with inc reased  b io log ica l  autoxi da t ion  
by to x ic  chemicals has been demonstrated in the  i s o l a t e d  perfused  l i v e r  
(Mülle r9£ t  a^,  1981), i s o l a t e d  hépatocytes (de Rui te r ,e i t  aJU 1981),  i s o l a t e d  
macrophages (de R u i te r  e t  a l , 1980) and microsomal p re p a ra t io n s  (p r e s e n t  
s tudy .  Chapter 4 ) .  The main advantage o f  the  alkane de term ina t ion  te chn ique  
i s  i t s  a p p l i c a t io n  fo r  in vivo s tu d ie s  wi thout  needing to  k i l l  th e  animals 
under study.  However, i t s  de f ic iency  in in  vivo s tu d ie s  i s  the  lack  o f  
informat ion on the  t i s s u e ,  c e l l u l a r  and /or  i n t r a c e l l u l a r  o r i g i n  o f  the  
a lkane production .  Never theless ,  high s e n s i t i v i t y  o f  t h i s  techn ique  makes 
i t  ex ce p t io n a l ly  valuable  fo r  both in  vivo and in  v i t r o  assessment o f  
a u to x id a t iv e  t i s s u e  damage, though i t s  in v i t r o  a p p l i c a t i o n  i s  in  need 
o f  f u r t h e r  refinement (see  Discussion ,  Chapter 6).
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More r e c e n t l y ,  chemiluminescence has been proposed as an a l t e r n a t i v e  
s e n s i t i v e  assay f o r  studying l i p i d  pe rox ida t ion  re a c t io n s  (Guthaus ,e t  a l , 
1979; W righ t ,e t  j ü ,  1979). Applicat ion o f  chemiluminescence to the  s tudy 
of  l i p i d  perox ida t ion  reac t ions  i s  based on the  occurrence  o f  s h o r t - l i v e d  
f r e e  r a d i c a l s  and ex c i ted  s t a t e s  derived from s ide  r e a c t io n s  o f  the  l i p i d  
p e rox ida t ion  process which y i e ld s  the  emission o f  l i g h t  ( B o v e r i s , e t  a l ,
1981). In a d d i t io n  to  i t s  usefu lness  in  th e  in  vivo s tu d i e s  o f  t i s s u e  
homogenates (DiLuzio and Stege ,  1977) and perfused  organs (Cadenas ,e t  a l ,
1980), chemiluminescence o f f e r s  the  p o s s i b i l i t y  o f  continuous monitoring 
o f  the  o x id a t iv e  metabolism o f  organs in vivo e i t h e r  exposed o r  observed 
by f i b r e  o p t i c s  ( B o v e r i s , e t  a l , 1981).
Another useful  technique f o r  studying the  r e a c t iv e  f r e e - r a d i c a l  
in te rm ed ia te s  i s  e lec t ron -sp in - re sonance  spin  t rapp ing  (Janzen ,  1980).
The p resen t  s tu d ie s  have demonstrated t h a t  a very simple and s e n s i t i v e  
assay o f  cytochrome P-450 could provide an a l t e r n a t i v e  method o f  assessment 
o f  the  e x te n t  o f  au tox ida t ive  damage to  the  microsomal membrane (Chapter 4 ) .
RADICALS AND ACTIVE OXYGEN IN MUTATIONS AND CANCER
Recent years  have brought recogn i t ion  o f  the  importance o f  oxygen 
t o x i c i t y ,  w i th  i t s  cen t ra l  and unifying ro le  in  mediating o r  modifying 
the  t o x i c i t y  o f  o th e r  chemicals (Parke,  1982). Szen t -G yorgy i ,e t  a l , (1960) 
were the  f i r s t  to r e p o r t  a c o r r e l a t i o n  between the  carc inogen ic  a c t i v i t y  
o f  p o ly cy c l ic  hydrocarbons and the  magnitude o f  e l e c t ro n  spin  resonance 
s ig n a l s  formed by r eac t in g  these  compounds with  molecular  iod ine  in  a 
s o l id -p h a se  system. I t  has been l a t e r  recognized t h a t  in  a d d i t io n  to  the  
formation o f  DNA complexes, the  mechanism o f  chemical c a rc inogenes is  i s  
probably dependent upon the  generation o f  f r e e  r a d i c a l s  ( T o t t e r ,  1980).
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Also quinone re a c t iv e  in te rm ed ia tes  o f  many ca rc inogens , which are  
found to  be h ighly  mutagenic,  e x e r t  t h e i r  t o x i c i t y  by a c t in g  as f r e e -  
ra d ic a l  genera to rs  (F ig .  2) (Parke,  1982c).  An analogous mechanism 
has been sugges ted f o r  aromatic amines ( S t i e r ,  1980) which are  metabolised 
in to  the  corresponding n i t r o so  f r e e - r a d i c a l s , which then i n t e r a c t  with 
i n t r a c e l l u l a r  molecules to  form s t a b i l i z e d  s p i n - t r a p  r a d i c a l s  - e f f i c i e n t  
f r e e - r a d i c a l  g e n e ra to r s .  S im i l a r ly ,  cancer r e s u l t i n g  from ion iz ing  
r a d i a t i o n  i s  mediated v ia  a f r e e - r a d i c a l  mechanism.
The u l t im a te  carcinogen ac t ing  as a media tor o f  oxygen t o x i c i t y  l inks  
tumour i n i t i a t i o n  with the  system p ro te c t in g  a g a in s t  oxygen t o x i c i t y ,  
namely, superoxide dismutase and c a t a l a s e  ( S t i e r ,  1980). Also ,  the  
s i t e  p r im ar i ly  a f f e c t e d  by the  Fanconi mutation (anaemia a s so c ia te d  with 
high frequency o f  spontaneous chromosomal a b e r ra t io n s  and high r i s k  o f  
cancer) involves the  i n t e g r i t y  o f  the  defence system a g a in s t  oxygen 
t o x i c i t y  as shown by the  p o s i t i v e  c o r r e l a t i o n  o f  chromosomal a b e r ra t io n s  
( i n  p a t i e n t s  c u l tu red  lymphocytes) with the  oxygen te n s io n  ( J o e n j e , e t  a l ,
1981). Fur the r  supporting  evidence f o r  the  r e l a t i o n s h i p  between oxygen 
and mutations  and cancer i s  aff irmed by the  i n h i b i t i o n  o f  chemical 
carc inogenes is  by an t io x id an ts  and f r e e - r a d i c a l  scavengers  (Wattenberg,
1980).
In view o f  t h i s ,  the  r e s u l t s  o f  the  p re sen t  i n v e s t i g a t i o n  o f  the  
l in k  between a c t i v a t i o n  o f  carc inogenic  chemicals and l i p i d  p e rox ida t ion -  
induced format ion o f  ethane are  d i s a p p o in t in g .  No c o r r e l a t i o n  has been 
found f o r  these  events (Chapter 4 ; Tables 9 ,  10 and 11).  Limited 
experiments do not allow an exp lana t ion  f o r  the  observed e f f e c t ,  except 
t h a t  a mutual r e l a t i o n  o f  the  a c t i v a t i o n  o f  carcinogens  and a u to x id a t iv e  
microsomal membrane in ju r y  is  o f  a complex n a tu re .  Also ,  i t  could well 
be t h a t  the  p oss ib le  l in k  between the se  events  d i f f e r s i n  in v i t r o  and 
in vivo s i t u a t i o n s .
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Very recen t  s tu d ie s  o f  Es te rbauer  (1982) has shown 
how complex is  the  p a t t e rn  o f  a lkena ls  and 4-hydroxy a lkena ls  t h a t  
i s  produced during l i p i d  pe rox ida t ion .  Since some 4-hydroxy a lkena ls  
have been shown to have an t i - tumour  a c t i v i t y  in vivo (Schauenste in ,  
e t  1977) and s p e c i f i c a l l y  r e a c t  with nuc lear  t h io l  groups 
(Schauenste in ,  1982),  a new and p o t e n t i a l l y  important a spec t  o f  
l i p i d  perox ida t ion  is  emerging.
Human lymphocytes were used in the  p resen t  s tudy to  eva lua te  
the  a c t i v a t io n  o f  carcinogens (and o th e r  to x ic  chemicals) v ia  
au to x id a t iv e  pathways, with  consequent damage to DNA and in d u c t io n /  
a c t i v a t i o n  o f  cytochrome P-448. The c u r r e n t ly  used d e te c t io n  system 
fo r  cytochrome P-448 in human lymphocytes,  namely, benzo(a)pyrene 
hydroxylase,  was shown to  be u n r e l i a b l e ,  mainly due to the  high 
s e n s i t i v i t y  and low s p e c i f i c i t y  o f  the  enzyme assay (Chapters 5 and 6).  
Also,  the  v a r i a b i l i t y  o f  the  r e s u l t s  caused by both recognized f a c to r s  
( e .g .  i n t e r - i n d i v i d u a l  and seasonal v a r i a t i o n s ;  R ic h te r ,  e t  a]_, 1978; 
Kouri , e t  al_, 1979) o r  po ss ib le  contamination o f  c u l tu r e  medium with 
Fe++ ( Dijon,  personal communication) and some as y e t  u n i d e n t i f i e d  agents  
( e . g .  some fo e ta l  c a l f  serum c o n s t i tu en ts ;G u r to o  e t  aT_, 1977; Kouri e t  a l ,
1979) made the transformed lymphocyte system u n r e l i a b l e .  A system o f  
cu l tu re d  hepatocytes  seems to o f f e r  h igher  r e l i a b i l i t y  with r e s p e c t  to  
both s p e c i f i c i t y  (cytochrome P-450 predominates when normal and 
cytochrome P-448, when transformed (Parke,  personal communication) and 
s e n s i t i v i t y  (mixed-funct ion oxidase a c t i v i t y  i s  approximately one 
hundred times g r e a t e r  than in lymphocytes) .
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Lis ted  below are  the  spec ia l  m a te r i a l s  used fo r  sep a ra t io n  of 
lymphocytes,  t h e i r  t r ans fo rm a t ion  and c u l tu r e .
F ico l l -Paque  TM s o lu t io n  
sp.  g r a v i ty  1.077.
Phytohaemagglutinin M, 
ly o p h i l i z e d .
3. Pokeweed Mitogen, 
ly o p h i l i z e d .
4. Tissue Cul ture  Medium 199, 
with Phenol Red.
(The formula t ion  of th e  medium i s  
given by Parker ,  R.C. (1961) in 
Methods of Tissue C u l tu re ,  3rd Ed 
Harper & Row, New York)
5. Roswell Park Memorial I n s t i t u t e  
, 1640 (RPMI 1640 Tissue Culture
Medium, 1 x with 20 mM Hepes 
b u f f e r  without L-glutamine and 
sodium b ica rbona te ) .
Pharmacia Fine Chemicals, 
Pharmacia(G.B .)Ltd . , 
London, W5 5SS.
Gibco Bio-Cult  L t d . ,  
P a i s ley ,
Renfrewshire.
Gibco Bio-Cult  L t d . ,
Difco L a b o r a to r i e s , 
West Molesey, Surrey.
Flow L a b o ra to r ie s ,  
A yrsh i re ,
Scotland .
(The formula t ion  of the  medium i s  given 
by Moore, G.E. et^ aj_, (1967) J.A.M.A.
199, 519).
6 . Hanks 1 Balanced S a l t  S o l u t i o n 1, Gibco Bio-Cult  L t d . ,
calcium and magnesium f r e e .  P a i s l e y ,  Renfrewshire .
(The formula t ion  i s  given by Hanks 
and Wallace,  R.E. (1949) Proc.Soc.
Exptl .  Biol.Med.,  7%, 196.
7. Hepes b u f f e r ,  1M s o lu t io n .
8 . L-glutamine
9. Foetal  Calf  Serum, 
hea t  in a c t i v a t e d .
Gibco Bio -C u l t  L t d . ,  
P a i s l e y ,  Renfrewshire.
Flow L a b o ra to r i e s ,  
A yrsh i re ,  Scotland.
Gibco Bio-Cult  L t d . ,  
P a i s l e y ,  Renfrewshire.
10. Protamine Sulphate ,  Grade II  
from salmon ( p f s ) , sa lm ine.
Sigma London Chemical C o . ,L td / ,  
Poole,  Dorset .
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11. Thrombin (human) Sigma London Chemical Co.,Ltd.  
Poole,  Dorset .
12. P e n i c i l l i n  - s treptomycin 
ly o p h i l i z e d .
Gibco Bio-Cult  L t d . , 
P a i s l e y ,  Renfrewshire .
13. Iron powder (ex.  iron 
c a rbony l ) . Koch-Light Labora to r ies  L td . ,  
Colnbrook, Buckinghamshire.
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The Effects o f Carbon Disulphide on Rat Liver Microsomal Mixed-Funetion
Oxidases, in vivo and in vitro
Maria J. OBREBSKA,* Peter KENTISH and Dennis V. PARKE 
Institute o f  Occupational Medicine, Lodz, Poland, and Department o f  Biochemistry,
University o f  Surrey, Guildford, Surrey GU2 5XH, U.K.
{Received 13 September 1979)
An intraperitoneal dose of CS2 (500mg/kg) to male rats resulted in loss o f liver 
microsomal mixed-function-oxidase activity (85% loss o f biphenyl 4-hydroxylase), 
followed by dénaturation of liver cytochrome P-450 to cytochrome P-420, and 
degradative loss o f both cytochromes (50% loss). Losses of NADPH-cytochrome c 
reductase (20%) and cytochrome b5 were considerably less. Intraperitoneal administra­
tion of CS2 (100 mg/kg) to rats pretreated wtih phenobarbitone or 3-methyl- 
cholanthrene resulted in similar losses, but the rate of destruction was greater with 
cytochrome P-450 than with cytochrome P-448. At 12h after intraperitoneal injection 
of CS2 to non-pretreated rats, a new cytochrome (P-448) appeared. Rat liver micro­
somal preparations incubated with CS2 in the presence o f NADPH and 0 2 resulted in 
loss of cytochrome P-450 and mixed-function-oxidase activity directly related to the 
concentration of CS2 (10-100 //m) and to the period of incubation. Addition of EDTA  
(ImM) completely inhibited this destruction of cytochrome P-450 by CS2 in vitro.
Addition of CS2 to liver microsomal preparations resulted in moderate increases in the 
K s values for type-I or type-II substrates, but these were insufficient to account for the 
inhibition of the mixed-function oxidases. We therefore suggest that desulphuration of 
CS2 leads to binding of the S to cytochrome P-450, dénaturation of cytochrome P-450 
to cytochrome P-420, and ultimately to destruction of these cytochromes by 
autoxidation.
CS2 is widely used as an intermediate in the 
production of viscose rayon, in the cold vulcaniza­
tion of rubber, and in the manufacture of various 
fungicides and pesticides. Its high volatility and 
systemic toxicity make it a significant hazard in the 
industrial environment. In addition it is formed in the 
spontaneous decomposition o f the dithiocarbamate 
fungicides and so may also constitute a health 
hazard in the agriculture environment (Fishbein, 
1976). Chronic poisoning with CS2 leads to mus­
cular paralysis, hypertension, hepatic necrosis and 
encephalopathy (Davidson & Feinleib, 1972).
CS2 is readily absorbed, and is extensively 
metabolized by oxidative desulphuration to car­
bonyl sulphide and C 0 2 by the hepatic microsomal 
mixed-function oxidases (De Matteis & Seawright, 
1973; De Matteis, 1974). Administration of CS2 to 
rats also leads to inhibition of the microsomal mixed- 
function oxidases, and to a decrease of liver 
microsomal cytochrome P-450 (Bond & De Matteis,
* Present address: Department of Biochemistry, Uni­
versity of Surrey, Guildford, Surrey GU2 5XH, U.K.
1969; Freundt & Dreher, 1969). Chronic exposure 
of rats to low concentrations o f CS2 also decreased 
liver microsomal cytochrome P-450, but increased 
the NADH-cytochrome c reductase (Sokal, 1973). 
Using 14C- and 35S-labelled carbon disulphide, De 
Matteis (1974) found that oxidative metabolism of 
the compound was accompanied by binding o f 35S to 
the liver microsomal fraction, which, he suggested, 
might be associated with the hepato toxic effects.
The hepatotoxicity, and carcinogenicity, o f many 
chemicals is known to be associated with their 
microsomal metabolism to highly reactive inter­
mediates, which form ligand complexes with micro­
somal cytochrome P-450 with simultaneous loss o f 
mixed-function-oxidase activity (Parke & Rahman, 
1971; Lake & Parke, 1972; Buening & Franklin, 
1976). The following studies were carried out to 
elucidate further the mechanism of CS2 hepato­
toxicity, and to ascertain if the accompanying loss of 
cytochrome P-450 and mixed-function-oxidase ac­
tivity involve ligand-complex-formation with the 
cytochrome.
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Experimental
Effect o f  carbon disulphide in vivo
Male Wistar albino rats (150 g body wt.), main­
tained on rodent breeding pelleted diet (Lab. Diet 1 ; 
Spratt’s, Barking, Essex, U.K.) and tap water ad lib., 
were given a single dose o f CS2 (500 mg/kg) in corn
011 intraperitoneally, and killed at various times from 
10 min to 24 h afterwards. Half the animals were 
starved for 15 h before dosing; control animals were 
given com oil only. Other rats (200 g body wt.) were 
pretreated with sodium phenobarbitone (60 mg/kg 
per day) in 1.0 ml of aq. 0.9% NaCl intraperi­
toneally for 3 days, or 3-methylcholanthrene 
(20 mg/kg per day) in 1.0 ml of corn oil intra­
peritoneally for 3 or 5 days, 24 h before administra­
tion o f CS2 (100 mg/kg or 500 mg/kg) in 1 ml of 
com oil intraperitoneally.
Rats were killed by cervical dislocation at 0 .5 -
12 h after the administration of CS2. Livers were 
removed, homogenized in cold aq. 1.15% (w/v) KC1 
(Ig  of liver/4 ml) and centrifuged at 10 000 g for 
20min. The resulting 10 000g-supernatant prepara­
tion was further centrifuged at 105 000g  for Ih  to 
yield the microsomal pellet, which was rehomo­
genized in 1.15% KC1, re-centrifuged and finally 
rehomogenized in 1.15% KC1 buffered to pH 7.6 
with O. l ^-sodium/potassium phosphate to give the 
microsomal suspension (Ig  of liver/ml). The 
10000g supernatant was used for the determination 
of mixed-function-oxidase activities, and the micro­
somal suspension was used for the determination of  
cytochrome P-450 concentration, the wavelengths of 
CO-ligand spectra and substrate-binding spectra.
Biphenyl 2- and 4-hydroxylase activities (Creaven 
et a i ,  1965), aniline hydroxylase (Guarino et a i ,  
1969), cytochrome P-450 (Omura & Sato, 1964a), 
cytochrome P-420 (Omura & Sato, 19646), cyto­
chrome b5 (Schenkman et a i ,  1967), N A D P H -  
cytochrome c reductase (Masters et a i ,  1967) and 
microsomal protein (Lowry et a i ,  1951) were 
determined by standard methods. Substrate-binding 
spectra and the binding constant K s were deter­
mined by the method of Schenkman et a i  (1967). 
The wavelength of the u.v.-absorption maxima of the 
CO-reduced cytochrome P-450 complex was deter­
mined by using a model 219 Varian spectro­
photometer with a reproducibility of 0.02 nm. Cal­
culations o f the concentration o f cytochrome P-450 
and cytochrome P-448 were made by using the 
absorption coefficient 91 mM-1  • cm-1, and for cyto­
chrome P-420 110 mM-1  • cm-1.
Effect o f  carbon disulphide in vitro
Liver microsomal supernatant (equivalent to 
125 mg o f liver) from untreated male rats was 
preincubated at 37°C for Imin in a shaking water 
bath with various concentrations o f CS2 [Im M -
10//M, added as 0.25 ml of a sonicated emulsion in 
1.15% KC1 containing 2% (v/v) Tween 80], plus 
1.5//mol of N A DP+, 15//mol of glucose 6-phos- 
phate, 2 units of glucose 6-phosphate dehydro­
genase, 10//mol of MgCl2, and 25//mol o f Tris/HCl 
buffer, pH 8.1, for the biphenyl hydroxylase assay, or 
25//mol o f sodium/potassium phosphate buffer, 
pH 7.4, for the aniline hydroxylase assay, in a total 
volume of 2.0 ml. After preincubatiori, the micro- A
somal supernatant preparations were incubated with 
biphenyl (3//mol) or aniline (20//mol) for a further 
period of 10 min for determination of mixed-func­
tion-oxidase activities.
Similar experiments, with the same concentration 
of cofactors, were carried out with appropriately 
diluted preparations of the microsomal suspensions 
for determination of the effects of CS2 on cyto­
chrome P-450 and cytochrome bs in vitro. The 
mixtures were incubated with CS2 for 10 min, gassed 
with N 2 for Imin to remove CS2 that had not 
reacted, and then with 0 2 for Imin, before deter­
mination of the concentration of cytochromes.
To ascertain the effect o f autoxidation/lipid 
peroxidation, EDTA ( Im M ), an inhibitor of lipid 
peroxidation, was added to the microsomal sus­
pensions, which were then incubated together with 
the NADPH-generating system and CS2 (10 /zm-  
1 mM) at 37°C in air for 10min. The CS2 was 
removed with N 2, then 0 2 (at 4°C ), and the 
cytochromes were determined as previously des­
cribed.
To determine if CS2 forms a ligand complex with 
cytochrome P-450, as occurs with safrole or thiols 
(Mansuy et a i ,  1974; Nastainczyk et a i ,  1976), the 
liver microsomal suspension (5.0 ml, equivalent to
5.0 g of liver) from rats pretreated with sodium 
phenobarbitone was incubated aerobically or 
anaerobically with CS2 (Im M ) in the presence of 
NADPH (3 mM) at 37°C for 10min, and the u.v. 
difference absorption spectrum was measured , 
against the same incubated microsomal suspension 
plus NADPH but without CS2.
Results
Effect o f  carbon disulphide on liver microsomal 
enzymes in vivo
After intraperitoneal administration o f high doses 
of CS2 (500mg/kg) to rats, maximum inhibition of 
biphenyl 2- and 4-hydroxylase occurred at 30min, 
and the maximum loss of cytochrome P-450  
occurred at 1-4 h after dosage (see Table 1). Even at 
10 min after administration o f CS2, biphenyl 
4-hydroxylase and cytochrome P-450 were only 20 
and 66%, respectively, o f controls. As cytochrome 
P-450 decreased so cytochrome P-420 increased, 
though as time progressed the sum of both cyto-
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Table 1. Effect of carbon disulphide in vivo on liver microsomal mixed-function oxidases of normal and starved rats 
Male rats (150g body wt.) were given a single dose of CS2 (500mg/kg in 1ml of corn oil, intraperitoneally). 
Half the rats were starved for 15 h before administration of CS2 and throughout the experiment. Animals from 
both fed and starved groups were killed in pairs (by cervical dislocation) 10, 30min and 1, 4, 12 and 24 h after 
CS2 administration, with the exception that only fed rats were killed 24 h after CS2 injection. Immediately after 
animals were killed liver homogenates were prepared and lOOOOg-supernatant and microsomal preparations 
were obtained and mixed-function oxygenases were determined as described in the text.
Time after Period Cytochrome Cytochrome NADPH-cyto­ Biphenyl Biphenyl
CS2 of P-450 concn. P-420 chrome c reductase 4-hydroxylase 2-hydroxylase
adminis­ starvation (nmol/mg (nmol/mg (nmol/min per (/zmol/h per g Gumol/h per g
tration 00 of protein) of protein) mg of protein) of liver) of liver)
No CS2 . None 0.66 0.03 30 1.9 0.11
15 0.79 0.04 10.5 2.0 0.07
lOmin None 0.44 0.07 25 0.39 0.05
15 0.52 0.16 13 0.25 0.02
30min None 0.36 0.13 23 0.28 0.03
15.5 0.40 0.22 16 0.31 0.02
60min None 0.33 0.15 26 0.31 0.03
16 0.42 0.24 19 0.36 0.03
4h None 0.32 0.05 23 0.38 0.06
19 0.41 0.18 13 0.53 0.06
12h None 0.46 0.03 22 0.91 0.17
27 0.40 0.03 20 1.06 0.24
24 h None 0.70 0.07 37 1.7 0.23
chromes diminished, indicating that further degrada­
tion had occurred.
The concentrations of cytochromes P-450 and 
P-420 were slightly higher in starved than in non­
starved rats, at least for the first 4h after dosage. 
The NADPH-cytochrome c reductase activity was 
lower in the starved than in the fed rats, and CS2 
administration increased the NADPH-cytochrome 
c reductase activity o f starved rats but decreased the 
reductase activity of fed animals.
In rats pretreated with phenobarbitone, ad­
ministration of a single intraperitoneal dose of CS2 
(100 mg/kg) again diminished the induced amount of 
cytochrome P-450 (by 40%) and activities of 
biphenyl 4-hydroxylase (by 50%), 2-hydroxylase 
(by 15%) and aniline hydroxylase (by 60%). After 
pretreatment of rats with methylcholanthrene, intra­
peritoneal administration of CS2 gave a slightly 
smaller decrease in cytochrome P-448 (by 35%), 
although the decreases in biphenyl 4-hydroxylase 
(by 50%), biphenyl 2-hydroxylase (by 45%) and 
aniline hydroxylase (by 70%) activities were still 
high. Treatment with CS2 did not change the 
wavelength maxima o f the cytochrome P-450/P-448 
species with which it interacted, within the 2h of the 
experiment. .
Rats pretreated with phenobarbitone or 3-methyl­
cholanthrene, or untreated, were given CS2 (500 m g/ 
kg) intraperitoneally. Liver microsomal prepara­
tions obtained at 0, 0.5, 4 and 12h after dosage with 
CS2 were studied spectrophotometrically to deter­
mine their binding spectra with a type-I substrate
(hexobarbitone) and a type-II substrate (aniline). 
With liver microsomal preparations from normal 
rats and from rats pretreated with phenobarbitone, 
type-I-substrate binding was slightly decreased by 
CS2 treatment, giving K s values 2 -3 -fold greater 
than were obtained without CS2 treatment. With 
liver microsomal preparations from normal rats the 
K s values for type-II substrate were decreased 2—3- 
fold. The maximum changes occurred at 0.5 and 4h  
after dosage of CS2. With liver microsomal pre­
parations from rats pretreated with 3-methylcholan­
threne, the K s value for the type-II substrate showed 
a 2-fold increase, but the K s value for the type-I 
substrate showed no significant change. These 
relatively minor changes in K s values were not 
sufficient to account for the rapid and extensive 
(80%) loss o f mixed-function-oxidase activity.
The loss of cytochrome P-450 (Amax of CO 
ligand, 450.0 ±  0.1 nm) in liver of normal rats treated 
intraperitoneally with CS2 was 20 and 45% at 0.5 
and 4h after administration; by 12h the loss o f cyto­
chrome P-450 was only 20%, indicating that new 
cytochrome had been synthesized. The wavelength 
of the CO-binding spectrum of this cytochrome 
P-450 from untreated rats 12 h after dosage with CS2 
was 448.8 ±0.1nm , indicating that cytochrome 
P-448 was being formed preferentially. The rate of 
loss o f cytochrome P-450 or P-448 was more 
rapid after pretreatment with phenobarbitone (37,41  
and 53% in 0.5, 4 and 12h) than after methyl­
cholanthrene pretreatment (7, 24 and 41% in 0.5, 4 
and 12h). This is not unexpected, since cytochrome
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Table 2. Effect o f carbon disulphide concentration in vivo on rat liver microsomal cytochrome P-450 and mixed function-
oxidase activity
Liver microsomal preparations from untreated male rats, prepared as described in the Experimental section, 
were preincubated with various concentrations of CS2 in the presence of the added cofactors for Imin at 37°C. 
After addition of the substrates, biphenyl or aniline, incubation was continued for a further 10 min, and the 
mixed-function-oxidase activities were determined. For determination of cytochrome P-450 content the 
microsomal preparation plus cofactors was incubated with CS2 at 37°C for 10min, saturated with N2 for Imin 
and then with 0 2 for Imin at 4°C to remove CS2 that had not reacted, and the cytochrome P-450 measured 
(Omura & Sato, 1964a) by using an absorption coefficient of Ç lm N T ^ c m -1 . Results are the mean values ± S.E.M. 
of three separate experiments.
Activity (//mol/h per g of liver)
Final concn. Cytochrome P-450 Biphenyl Biphenyl Aniline
of CS2 (nmol/mg of protein) 4-hydroxylase 2-hydroxylase hydroxylase
None 0.41 ±0.09 1.34 ±0.26 0.12 ±0.03 0.45 ±0.01
12.5/m 0.34 + 0.06 0.97 ±0.04 0.08 ±0.01 0.41+0.06
SOflM 0.31 ±0.03 0.68 ±0.03 0.13 ±0.04 0.34 ±0.05
125/m 0.23 ±0.03 0.25 ±0.10 0.10 ±0.03 0.36 ±0.06
250/m 0.10 ±0.03 0.18 ±0.01 0.08 + 0.01 0.28 ±0.05
500/m 0.08 ±0.01 0.16 + 0.02 0.16 ±0.04 0.26 ±0.02
1.25 mM 0.11 ±0.01 0.19 ±0.02 0.28 ±0.05
5.00 mM 0.07 ±0.01 0.17 + 0.01
P-450 is less stable than cytochrome P-448 and has 
a shorter half-life.
Effect o f  carbon disulphide on liver microsomal 
enzymes in vitro
Microsomal cytochrome P-450 and oxidation of 
the type-I and type-II substrates, biphenyl and 
aniline, were decreased after incubation o f rat liver 
microsomal preparations with CS2 (10//M-1 mM) in 
the presence of NADPH and 0 2 (see Table 2). 
Maximum decrease in the microsomal mixed-func- 
tion oxidase activity was achieved after 10min incu­
bation with 0.5 mM-CS2, when cytochrome P-450, 
biphenyl 4-hydroxylase and aniline 4-hydroxylase 
were decreased by 80, 88 and 40% respec­
tively. Biphenyl 2-hydroxylase activity, which is an 
index of cytochrome P-448 and not cytochrome 
P-450 activity, shows no significant loss o f activity 
(see Table 2). Inhibition of biphenyl hydroxylase and 
aniline hydroxylase activities and the decrease in 
cytochrome P-450 do not occur in the absence of 
NADPH. At lower concentrations of CS2 
(<0.1 mM), the loss o f cytochrome P-450 and the 
extent of inhibition of mixed-function-oxidase ac­
tivity are proportional to the period of preincuba­
tion o f the rat liver microsomal preparation with 
CS2.
Addition of EDTA (ImM) to the microsomal 
incubation mixture prevented the decrease in cyto­
chrome P-450 observed on incubation with CS2 
alone. Incubation with EDTA alone resulted in a 
50% increase in the amount of cytochrome P-450, 
presumably owing to the inhibition of spontaneous 
destruction o f the cytochrome by lipid peroxidation.
That no chemical interaction occurs between EDTA  
and CS2 was established by u.v.-absorption spectra 
of the mixture, which showed a simple summation of  
the spectra of the two individual components.
The ligand complexes that cytochrome P-450  
forms with thiols and other chemicals, after oxida­
tive or reductive metabolic activation, exhibit 
characteristic oxidation/reduction difference spectra 
with maxima at about 455 nm. The product of  
incubation of liver cytochrome P-450 from pheno- 
barbitone-pretreated rats with CS2 in the presence of 
NADPH and the absence o f 0 2 showed no new 
maximum over the wavelength range 435-550  nm in 
the redox difference spectrum. Incubation with CS2 
in the presence of NADPH and 0 2 gave a difference 
spectrum when read against the control microsomal 
preparation without CS2 which had a slight maxi­
mum at 460 nm, suggestive of the formation o f a 
ligand complex.
Discussion
The present studies confirm previous observa­
tions that CS2 decreases hepatic microsomal cyto­
chrome P-450 and the mixed-function oxidases 
concomitantly with its oxidative metabolism in vivo  
and in vitro (Bond & De Matteis, 1969; Freundt & 
Dreher, 1969; Sokal, 1973). Indeed our present 
findings in vitro show a direct relationship between 
the concentration of CS2 from 10 to 100//m and the 
decrease in hepatic cytochrome P-450 and mixed- 
function oxidation of both type-I and type-II 
substrates (see Table 2). The prevention o f the loss 
of cytochrome P-450 by addition o f EDTA is 
indicative that the destruction o f cytochrome P-450
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is due to lipid peroxidation, since Levin et al. (1973) 
showed that the catabolism of haem and destruction 
of cytochrome P-450 resulting from lipid peroxida­
tion were prevented by the addition of EDTA. As it 
is common practice to add EDTA to liver micro- 
.  somal incubation mixtures (De Matteis, 1974), this 
may account for some o f the varied results observed 
with studies on CS2.
^ After intraperitoneal administration o f CS2, liver 
microsomal cytochrome P-450 is similarly de­
creased, as also are the rates of hydroxylation of 
both type-I and type-II substrates. The initial greater 
loss o f biphenyl 4-hydroxylase activity than of 
cytochrome P-450 (see Table 1) indicates that 
inhibition of cytochrome P-450 occurs before its 
dénaturation and degradation. The loss o f cyto­
chrome P-450 was shown to be the result first of 
dénaturation to cytochrome P-420, which was 
formed parallel to the decrease in cytochrome P-450. 
This was subsequently followed by the degradation 
of both cytochromes (Table 1). If the degradation 
were the result o f generalized lipid peroxidation, a 
loss of NADPH-cytochrome c reductase and other 
membrane components might be expected, and 
indeed a small loss was detected in the unstarved 
animals (Table 1). Because of the inhibition of 
hepatic microsomal mixed-function oxidases by CS2 
in vitro, other workers have concluded that CS2 
itself acts as inhibitor (Von Kromer & Freundt,
1976); they observed a 2-fold increase in the 
apparent K m value for the inhibition by CS2 of the 
TV-demethylation o f aminopyrine, a type-I substrate, 
which is comparable with the increases in the K s 
values that we observed. Dalvi & Howell (1978) also 
found that CS2 interfered with the binding of type-I 
substrates tp microsomal cytochrome P-450, but not 
that of aniline, a type-II substrate. However, we find 
that CS2 affects both type-I and type-II sites, though 
not enough to account for the full loss of mixed- 
function-oxidase activity, which is better explained 
^ by destruction of cytochrome P-450.
Although within 4h  of intraperitoneal administra­
tion of CS2 the type of liver cytochrome P-450 of 
^ f normal, phenobarbitone- or methylcholanthrene-pre- 
treated rats remained unchanged, at 12 h the 
wavelength of the spectral maximum of the CO 
ligand complex of the cytochrome had changed from
450.0 ±0 .1  to 448.8 ±0.1nm . At this time the 
concentration of cytochrome P-450 is increasing, 
presumably owing to synthesis de novo, so that the 
decrease in wavelength may be due to the pre­
ferential synthesis o f cytochrome P-448, as occurs 
with carcinogens, or alternatively, to the preferred 
degradation of cytochrome P-450, which is known 
to be less stable than cytochrome P-448.
Using 33S-labelled CS2, De Matteis (1974) showed 
that on incubation with rat liver microsomal pre­
parations the 33S becomes covalently bound to the
microsomal protein simultaneously with the de­
crease in cytochrome P-450. Later work (Neal et al., 
1976; Savolainen et a l ,  1911) has shown that the 
sulphur is bound principally to cytochrome P-450 
itself, possibly to the apoprotein.
It is tempting to suggest that the sulphur from the 
desulphuration o f CS2 is involved in a ligand to the 
haem Fe of the cytochrome P-450, analogous to the 
hydrodisulphide bond with the cysteine sixth ligand 
proposed by Davis & Mende (1977) for the 
desulphuration of parathion. It is unlikely that the 
sulphur interacts primarily with the type-I substrate 
site or at the fifth ligand (type-II substrate site) of 
cytochrome P-450, as CS2 does not sufficiently 
affect the K s values for type-I or type-II substrates 
and does not readily show the u.v. difference 
absorption spectrum (455—460 nm) characteristic of 
ligand complexes (Nastainczyk et a l ,  1975, 1976). 
If sulphur is transferred from CS2 to cytochrome 
P-450 as the result of exchange with oxygen, it might 
be expected to become bound to the cytochrome 
P-450 near to the site o f attachment of the molecular 
0 2, that is at the cysteine S of the sixth ligand 
(Chevion et a l ,  1977). This would probably inter­
fere with the subsequent binding o f molecular 0 2 to 
the cytochrome and would thus inhibit its mixed- 
function-oxidase activity. It might also account for 
the protective effects o f cysteine, glutathione and 
dithiothreitol against CS2 toxicity, observed by 
Morelli & Nakatsugawa (1978). CS2, like CC14, is 
known to result in lipid peroxidation (Jarvisalo et a l ,
1977). Inhibition of mixed-function-oxidase activity 
of cytochrome P-450 might be expected to lead to 
decoupling of the cytochrome from the flavoprotein 
reductase, and to autoxidation, lipid peroxidation, 
degradation of cytochrome P-450 and eventually 
centrilobular necrosis, as occurs with CC14 and 
certain other hepatotoxic chemicals (Parke, 1979).
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Influence of chronic carbon disulphide intoxication 
on the development of experimental atherosclerosis 
in rats*
T E R E SA  W R O N S K A -N O F E R , S S Z E N D Z IK O W S K I, A N D  
M A R IA  O B R E B S K A -P A R K E f
F rom  the D e p a r tm e n ts  o f  B io c h e m is try  a n d  P a th o m o rp h o lo g y , In s titu te  o f  O ccu p a tio n a l M e d ic in e ,
P O  B o x  199, 9 0 -9 5 0  L o d z , P o la n d
a b s t r a c t  Rats fed on atherogenic diets containing 2% cholesterol and 0 5% cholic acid with or 
without 0 15% thiouracil were exposed to carbon disulphide (CS2) vapours (1 mg/1 o f  air), five hours 
a day, six days a week for 6-10 m onths. Serum and aorta lipid contents were determined, and the 
extent o f  atherosclerotic changes was investigated. The following effects o f  chronic exposure to 
CS2 were found : (I) slower gain in body weight when rats were fed on atherogenic diet; (2) greater 
increase in serum cholesterol content (after thiouracil supplemented diet) ; (3) moderate increase in 
total cholesterol content in the aorta wall with a significantly increased esterified cholesterol fraction  
but none in phospholipid level in this tissue; and (4) more advanced lipid infiltrates o f  coronary 
arteries and endocardium, the latter predominantly in the aortic valves. These results together with 
data from previous studies indicate that metabolism  o f arterial lipids participates in the process o f  
artheroma formation after chronic exposure to CS2 vapours.
There is a considerable amount of evidence on car­
bon disulphide induced vasculopathy including in­
creases of lipid infiltration in arterial walls,1-11 but 
the nature of CSg-induced changes in lipid metab­
olism is still far from clear. The extensive biochemical 
studies carried out in this laboratory on rats chronic­
ally exposed to CS2 have shown an increased rate of 
liver cholesterol synthesis12-15 and a parallel decrease 
of liver cholesterol degradation,16 an impaired 
plasma lipolytic activity1718 with resulting raised 
plasma lipid concentrations,13-1519 disturbance 
of lipid metabolism in the aortic tissue including 
decreased lipolytic activity,18 20 and an increased rate 
of 14C-cholesterol influx from serum and a raised 
rate of cholesterol synthesis21 in the aorta wall.
Despite these profound disturbances in the lipid 
metabolism of rats chronically exposed to CS2 , the 
histopathological signs of atherosclerosis were not 
seen during the above investigations (unpublished 
observations). We have assumed, therefore, that the
T h is  investigation has been carried out partly under the 
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initial metabolic disturbances caused by CS2 precede 
the morphological arterial changes that may develop 
eventually after long-term exposure to CS2 in suitable 
experimental conditions. The present work has been 
undertaken to evaluate the effect o f CS2 alone or in 
combination with hyperlipaemic diets on the 
development of biochemical and morphological 
changes in the arterial wall o f rats exposed to CS2 .
Material and methods
Eighty-four female Wistar albino rats (180 g initial 
body weight) were divided into groups according to 
their diets and the duration of CS2 exposure:
I 1 standard chow*/basal diet/—non-exposed
controls (BD)
2 standard chow and CS2 exposure for 12 to 15 
months (BD +  CS2)
II 1 atherogenic diet-1—non-exposed controls
(AD-1)
2 atherogenic diet-1 and CS2 exposure for 10 
months (AD-1 +  CS2)
III 1 atherogenic diet-2—non-exposed controls
(AD-2)
2 atherogenic diet-2 and CS2 exposure for 6 
months (AD-2 +  CS2).
*Laboratory chow for rats manufactured by LSM-Lowicz.
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Rats were exposed to CS2 in the inhalation chambers 
at a concentration of 1 mg CS2/I of air for five hours 
daily six days a week. Both atherogenic diets con­
sisted of ground wheat meal 48%, casein 25%, 
arachid oil 22%, salt mixture 4%,* and vitamins 
1 %t supplemented (at the expense of wheat) with : 
cholesterol 2%, cholic acid 0 5%, and choline 
chloride O 25%. AD-1 was supplemented with 2% 
cholesterol only, AD-2 with 2% cholesterol and 
015%  thiouracil. The daily intake of diet in control 
and CS2 intoxicated rats was maintained on uniform 
levels. Water was allowed ad libitum. The body 
weight of all rats was recorded once a month.
Biochemical investigations
Blood samples were collected from the tail vein and 
the following determinations were carried out : total 
cholesterol,22 triglycerides,23 phospholipids,24 and 
free fatty acids.25 At the end of the experiment the 
animals were decapitated and aortas were removed 
for determination of lipid content. Total lipids were 
extracted from the homogenate using the method of 
Folch et al.ZG Individual classes of lipids separated 
by thin-layer chromatography were subsequently 
visualised with iodine vapour and extracted for 
chemical assay (D E Bowyer and J E King, unpublished 
observations). The procedure of Babson et al27 was 
used for free and esterified cholesterol determination ; 
phospholipids were estimated by Usher’s method.24
Histological investigations
All hearts and additional small segments of aorta 
from two rats selected at random from each group 
were excised and fixed in formol-calcium immedi­
ately after death. Lipid staining in tissue blocks using 
isopropanol solution of Fat Red 7B was used (S 
Szendzikowski and T Wronska, unpublished ob­
servations). The whole heart and specimens of aorta 
were impregnated with the dye solution and serial 
frozen sections were cut. Several of the sections were 
counterstained with Mayer’s haematoxyline. After 
screening, selected sections were restained with 
haematoxyline and eosine, Lillie and Fulmer’s 
elastic tissue stain, or Astra Blue for acid mucopoly­
saccharides. About 100 sections of each heart were 
examined in routine and polarised light.
*NaCl-70; CaHPO4,2H2O-410; potassium citrate, H20-423; 
M gS04,7H20 -95; ferric citrate-15; KI-6-5; NaF-5-5; M nS04, 
5H20 - l-7 ;  CuI2-0-5; AlK(SO4)2,12H2O-0-92; Z n S 04,7H20 -  
0 50 (in grams).
tVitam in B j-012; vitamin B2-0-40; inositol-8; vitamin B6- 
0 08; calcium panthothenate-2 40; nicotinic acid-8; p- 
aminobenzoic acid-24; biotin-0 008; folic acid-0 08; vitamin 
B12-0 i002; choline-24 (in grams) ; potato starch—up to 1000 g, 
that is, 932-91 g.
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Results
B O D Y  W E I G H T
There were no differences in the body weights of the 
rats exposed to CS2 and the non-exposed controls 
fed the basal diet. Rats exposed to CS2 and control 
rats maintained on diet AD-1 gained 20% and 40% 
of their original body weight respectively. Loss of 
body weight observed in rats fed on diet AD-2 
amounted to 15% in controls and 20% after six 
months of exposure to CS2 .
B L O O D  L I P I D S
After 15 months of CS2 intoxication a pronounced 
increase of cholesterol—total and esterified—was 
observed in the serum of rats fed on the basal diet 
(table 1). Both atherogenic diets had induced a 
noticeable increase in serum cholesterol content by 
the end of the first month’s feeding. During the first 
six months o f exposure no significant effect o f CS2 on 
the cholesterol content was found. At the end of the 
experiment effects of diets AD-1 and AD-2 were 
slightly intensified by CS2 intoxication (tables 2 and
3).
A O R T A  L I P I D S
After feeding animals on diets AD-1 and AD-2 for 
ten and six months respectively, the concentrations 
of total cholesterol and cholesterol esters increased, 
but not to the same extent. Esterified cholesterol 
showed the most pronounced increase (by 174-374% 
in AD-1 and AD-2 groups respectively as compared 
to control rats fed on the basal diet—table 4). The 
6-10 months of feeding on either atherogenic diet 
increased the content of total cholesterol by 10-38% 
compared with the controls. The increase in both 
total and esterified cholesterol induced by these 
diets was intensified by CS2 (table 4).
In rats kept on basal diet a moderate enhancement 
of total cholesterol and a pronounced increase of 
cholesterol esters was noted after exposures of 12 
and 15 months (table 4). In all groups of rats exposed
Table 1 Content o f  cholesterol in serum  o f  control and  
C  S..-exposed ra ts f e d  on basal d ie t*  {N um ber o f  anim als 
in parentheses)
Group Cholesterol (mg1100 ml)
Total Esters
C o n tro l 54-4 ±  12-5 36 7  ±  9-5
(7 ) (8 )
c s . 78-3 ±  2 4 f 58-1 ±  2 0 -5 t
(7) (8)
•C o n te n t o f  cholesterol in  serum  was determ ined  a fte r 15 m onths o f  
exposure to  C S 2 a t cone 1 0  mg/1. M e a n  values ± 5 0  are given. 
fS ta tis tica lly  significant fro m  controls, p <  0  05.
Influence o f  chronic carbon disulphide intoxication
Table 2 Concentration o f  lip ids in serum o f  ra ts exposed to C S 2 and f e d  atherogenic diet-1 {AD -1)*
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Time o f Group o f  animals Cholesterol (mg/100 ml) Phospholipids Triglycerides Free fa tty  acids
exposure   (mgllOO ml) (/ng/IOOml) (inEqll)
(months) Total Esters
1 C + A D -1 258-9 ± 55-8 234-9 ± 41-9 126-2 ± 13-7
c s . + A D - I 277-3 ± 71-6 236-4 ± 55-8 124-3 ± 30-5 — —
3 c + A D - I 345-9 ± 85-5 286-0 ± 91-7 99 0 ± 31-7 86-6 ± 9 0 6 ± 0 -17
c s . + A D - I 333-9 ± 113-7 295-4 ± 91-7 98-0 ± 21-5 83-3 ± 20-5 0-4 ± 0-17
6 c + A D  1 360-0 ± 70-6 299-6 ± 54-7 198-0 ± 21-7 — 0-27 ± 0  04
c s , + A D - I 345-2 ± 71 290-9 ± 59-8 160-6 ± 27-9 — 0-35 ± 0 -0 5 t
10 c + A D - I 366-4 ± 75-7 301-1 ± 65-4 230-7 ± 23-3 56 0 ± 15-7 0-75 ± 0 16
c s . + A D -1 404-6 ± 98-9 331-0 ± 80-1 190-2 ± 32-2 78-4 ± 16 I f 0-72 ± 0 2
♦E ach value is the m ean ±  S D , n =  12. 
fS ta tis tica lly  significant from  controls, p <  0  05.
Table 3 Concentration o f  lip ids in serum o f  ra ts  exposed to C S 2 and f e d  atherogenic d iet-2  (A D -2)*
Time o f  
exposure 
(months)
Group o f animals Cholesterol (mg/WO ml) Phospholipids Triglycerides 
(mgj 100 ml)
Free fa tty  acids 
(mEq/l)
Total Esters
I C + AD-2 705-2 ±  162-1 557-3 ±  130-9 171-9 ±  36-1 107-4 ±  27-8 0  64 ±  0  -19
C S , +  A D -2 654-8 ±  93-9 519-7 ±  101-1 160-7 ±  34-2 102-3 ±  37-8 0 96  ±  0-28
3 C  +  A D -2 585-0 ±  82-8 453-0  ±  72-3 263-0 ±  27-4 111-8 ±  24-7 0-20 ±  0 02
C S , +  A D -2 516-6 ±  105-9 411-1 ±  99-2 230-7 ±  19-5 132-0 ±  20-8 0-27 ±  0  04
6 C  +  A D -2 406-2  ±  86-9 224-0 ±  77-0 314-2 ±  46-5 120-1 ±  47-8 0  40  ±  0  07
C S , +  A D -2 536-7 ±  6 2 -8 f 300-6 ±  6 2 -8 t 327-0 ±  65-9 131-4 ±  40-9 0 -50  dr 0-50
♦Each value is m ean ±  S D , n =  12. 
fS ta tis tica lly  significant fro m  controls, p <  0  05.
Table 4 E ffects o f  C S 2 exposure and atherogenic d iets on cholesterol content in the aortic wall o f  ra ts
Type o f diet Group Duration o f  
exposure (months)
Cholesterol Phospholipids
Esters
(mg/g wt tissue)
Total
Basal diet C o n tro l 0  11 1-9 _
C S , 12 0-17 2-1 _
Basal diet C o n tro l — 0-19 2-1 5-4
C S , 15 0-44 2-6 5-5
Atherogenic diet-1 C o n tro l — 0-52 2-9 6 0
C S , 10 0-84 3-4 6-4
A therogenic d iet-2 C o n tro l — 0 9 2-34 7-4
C S , 6 1-4 3-4 7-7
Figures fo r  cholesterol represent m ean value fo r  pooled aortas in  each group (9 -1 2  rats per group).
to CSa the relative contribution of the esterified 
fraction in the total cholesterol was greatly increased. 
No substantial changes in the concentration o f aortic 
phospholipids were found in all groups of rats under 
investigation (table 4).
M O R P H O L O G I C A L  I N V E S T I G A T I O N S
N o lipid deposits were seen in the aorta, pulmonary 
artery, coronary vessels, and endocardium of control 
rats fed on basal diet. Occasional slight increases in 
the thickness o f the walls o f some coronary arterial 
branches within the muscle of the left cardiac ven­
tricle was the only abnormal finding (fig 1). In the 
corresponding experimental group killed after 15
months of CSg exposure similar changes were more 
often noted, with the occasional positive Fat Red 
staining indicating deposition of lipids (fig 2).
No signs of gross atheromas were found in the 
aortas and hearts of rats fed on atherogenic diets. 
Microscopic lesions in the form of extra or intra­
cellular, or both, lipid deposits were present in the 
endocardium of the valves of the heart, but ascending 
most prominently in the aortic valves, in the intima 
and inner media of the aorta, and in the intima and 
media o f the coronary arteries. With a few exceptions 
changes in the coronary arteries were, limited to the 
intramural arterial branches within the left ventricu­
lar wall and the papillary muscles. Aortic intima
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Table  5 C om bin ed  g ra d e  o f  lip id  d ep o sits  in coro n a ry  a r ter ie s , in itia l p o rtio n  o f  a o rta , an d  valvular en docard iu m  in 
ra ts  f e d  on a th erogen ic  d ie ts  (A D -1 , A D -2) an d  e x p o se d  to  CS-,
Oict D uration  o f  exp o su re  C o n tro l C S .
(m on ths)  -------------------------------------------------- ---------------- ------------------------ ---------------------------------------
<> I / /  I II  I I e <> /  / /  / / /  / I
A the ro gen ic  I 10 0  2 3 5 0 0  0 I 9 0
A the ro gen ic  II 6 0 3 2 1 2  0  0  1 2 5
To ta l  () 5 5 6 2 0 0 2 II 5
0 N o  discernib le  l ipid deposit s .
1 M in u te  l ipid depos it s  e i t h e r  in init ial  p o r t i o n  o f  a o r t a  a n d  in va lv u lar  e n d o c a r d i u m  o r  in c o ro n a r y  arte ries .
II Sm all  l ipid depo s its  in c o ro n a r y  a rteries ,  initial  ao r ta s ,  a n d  valves;  a l t e rna t ive ly  m o re  a d v a n ce d  e n d o c a rd i a l  a n d  a o rt i c  lesions whi le  no  l ipid
d epos its  in c o ro n a r y  vessels r ecor ded .
III M o d e ra t e  l ipid depo s its  in c o r o n a r y  arte ries ,  initial  ao rt a s ,  a n d  valves.
IV Ad v a n c e d  a th e r o m a s  o f  c o r o n a r y  vessels with  regiona l n a r r o w in g ;  large l ipid depos it s  in initial  a o r t a s  a n d  valves.
d istan t  from  the initial p o r t io n  occasionally  c o n ­
tained sca ttered ,  m inu te  lipid deposits .
Extensive deposi ts  o f  lipids were seen in the 
c o ro n a ry  arteries,  ascend ing  ao r ta ,  a n d  the card iac  
valves in an im als  fed on  diet A D -2  at the sixth 
m o n th  o f  the  ex per im en t  (figs 3 a n d  4). P ro longed  
feeding with the  diet A D -I  (10 m o n th s ’ d u ra t io n )  
resulted in advanced  c o ro n a ry  lesions (fig 5) with a 
m o d era te  g rade  o f  ao r t ic  a n d  va lvular  involvement.  
In ra ts  m a in ta ined  on  diet A D -2  a n d  exposed to 
C S -2 small  deposits  o f  crystall ine  cholestero l  were 
found  occasionally  with in  the  c o ro n a ry  a th e ro m a s
(fig 6). T hey  were a cc o m p an ied  by focal hyaline 
fo rm at io n  a n d  m in u te  calc ium  deposi ts  in these 
lesions. T ab le  5 show s the results  o f  co m p a ra t iv e  
g rad ing  o f  lesions recorded in an im als  m a in ta in ed  on 
a the rogen ic  diets, which indicate  a dis t inct  shift 
to w ard  h igher g rades o f  a b n o rm a li t ie s  in the an im als  
exposed to CS-2 .
T h e  frequencies o f  lipid deposi ts  o f  g rades  111° a n d  
IV° against  the  grades 0 -II" in the exposed  an d  non- 
exposed  g ro u p s  o f  ra ts  fed on a th e ro g en ic  diets were 
c o m p a re d  using the F isher  exact p ro b ab il i ty  test. 
T he  difference is statist ically  significant (p =  0 05.)
big  I Branch o f  coron ary  a r te r y  w ithin m uscle  o f  left 
card iac  ven tricle  o f  a co n tro l ra t f e d  s ta n d a rd  d ie t  ( 15 
m onths o ld ) . S lig h t th icken in g  o f  vessel's  w all; no 
accu m ulation  o f  lip id s. (F at R ed  7 B a n d  h a em a to x y lin ;  
m agn  x 3 0 0 .)
big  2 Branch o f  co ro n a ry  a r te r y  w ithin m u scle  o f  le ft 
card iac  ven tricle  o f  a  ra t f e d  s ta n d a rd  d ie t, e x p o se d  to  
CS-, (/■() mgj I )  over  15 m onths. U neven ly th ick en ed  w all 
o f  vessel con ta in s a ccu m u la te d  lip id s. (F at R ed  7B  sta in  
a n d  h a em a to x y lin ; m agn  x  3 0 0 .)
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Fig 3 L ip id s  d e p o s ited  in w all o f  in itia l a o rta  o f  ra t 
m ain ta in ed  f o r  s ix  m on th s on a th erogen ic  d ie t ( A D - 2 )  
a n d  e x p o se d  to  CS-,. (F at R ed  7B; m agn  x 3 0 0 .)
Fig 4  C o ro n a ry  a r te r y  w ithin le ft ven tricu lar w all a fte r  
s ix  m onths on a th erogen ic  d ie t ( A D - 2 )  a n d  C S .  exposu re. 
A ccum ula tion  o f  f a t  in th icken ed  in tim a! an d  m ed ia l 
la ye r  w ith p ron ou n ced  redu ction  o f  vascular lum en. ( Fat 
R ed  7B ; m agn  x 3 00 .)
Discussion
In the present investigation there  was a lack o f  any 
o bvious  gross a n d  histological lesions with in  the 
ao r ta  o f  the n o n -h ypercho les te ro laem ic  C S -2 in tox i­
cated rats consis tent  with p revious findings. F u r th e r ­
more,  it has been show n (as a co nf irm at ion  and  
extension o f  previous obse rva tions)  tha t  ch ron ic  
exposure  to C S 2 m ay  produce  lipid m etabo lic  dis-
Fig 5 C o ro n a ry  a r te ry  w ithin p a p illa ry  m uscle o f  le ft  
ca rd iac  ven tricle  a f te r  10 m onths o f  fe e d in g  on  
ath erogen ic  d ie t ( A D - I )  an d  CS-, exposu re. L arge  
d e p o sit o f  f a t ,  n arrow in g o f  vascular lum en. (F at R ed  7B  
sta in  a n d  h a em a to x y lin ; m agn  x  150.)
Fig 6 C o ro n a ry  a r te r y  w ithin le ft ven tricu lar w ad  a fte r  
10 m on th s o f  fe e d in g  on a th erogen ic  d ie t ( A D - I )  a n d  CS-, 
exposu re . C ry s ta llin e  c h o lestero l d e p o s ited  in th ick en ed  
a r ter ia l w ad. (P o la r ised  lig h t; m agn  x  3 0 0 .)
tu rb an ces  in the vascu la r  walls m an ifes ted  by a 
significant use  in total  cholestero l  c o n ten t .  W ith in  
the c o m p o s i t io n  o f  this  frac t ion , a p ro n o u n c e d  shift 
to w ard s  cholestero l  esters was observed .  T o ta l  
cholestero l  c o n te n t  in se rum  was a lso  increased.
In t ro d u c t io n  o f  a th e ro g en ic  diets resu lted  in a rise 
in se rum  cholestero l  co n ten t  in co n tro l  an im a l  
g ro u p s  with a fu r th e r  rise in total  a n d  esterified 
cholestero l  c o n te n t  in OSa-exposed ra ts .  S ta tistically
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significant differences between CSg-exposed and 
control rats were obtained only when thiouracil was 
added to the atherogenic diet (AD-2). Therefore 
it seems that the combined effect of feeding with 
atherogenic diet and CS2 intoxication was not 
sufficient to raise serum cholesterol to the concentra­
tion that results in a pronounced accumulation of 
lipids in the aorta wall. Except in the region of the 
aortic valves, where advanced lipid infiltration was 
encountered, no major intimai lesions occurred in 
the aorta. Our findings differ in this aspect from those 
of other investigators who observed a more advanced 
atheromathosis after similar atherogenic diets.28-30
In our studies a major rise o f cholesterol content 
in the aortic tissue of non-exposed control animals 
fed on diets AD-1 and AD-2 was repeatedly found 
throughout the duration of the experiment. The 
effect o f CS2 intoxication follows the pattern of lipid 
changes within the aorta similar to those recorded in 
non-hypercholesterolaemic animals. It was observed 
that there was a moderate but significant increase in 
the content o f total cholesterol. The increase in 
cholesterol was particularly pronounced within the 
esterified fraction. N o significant changes in the con­
tent of vascular phospholipids were recorded. The 
above shift of the lipid spectrum bears a resemblance 
to the composition o f lipids in the aorta wall shown 
at the plaque stage of experimental atherosclero- 
s js3i—33 jn contrast to the fatty streak stage, which is 
characterised by a predominant increase in free 
cholesterol with a minor increase of cholesterol 
esters.34 This discrepancy requires further elucidation 
considering the absence of atherosclerotic gross 
lesions in our material.
A further confirmation o f the biochemical findings 
is provided by the parallel histological examination 
of the heart. The morphological features of the 
coronary and endocardial lesions are consistent with 
data obtained in other laboratories for rats in 
similar atherogenic conditions.28 29 35 As a result, of 
long-term exposure to CS2 , noticeable alterations in 
the small coronary arterial branches were observed. 
CS2 intensified arterial and endocardial lesions caused 
by atherogenic diets. These findings justify the con­
clusion that the endocardial and coronary arterial 
lesions are suitable experimental indicators of the 
vascular effects o f CS2 .
Results obtained in this study seem to confirm 
those clinical and laboratory data that indicate the 
promoting influence of CS2 on the development of 
atherosclerosis in general1-8 and on the progress of 
the coronary heart disease in particular.9-11 On the 
basis of data on metabolic lipid disturbances,12-1619 
especially those proving the impairment of lipid 
metabolism in the aortic tissue,18 20 21 the present 
findings indicate that altered cholesterol metabolism
within the arterial wall play an important part in the 
vascular response of chronic CS2 intoxication.
We wish to express our appreciation to Miss Anna 
Cisek, Mrs Jadwiga Teodorczyk, and Mrs Zofia 
Rudnicka for their excellent technical help.
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Influence o f Carbon Disulphide on Metabolic 
Processes in the Aorta Wall: 
Study o f the Rate o f Cholesterol Synthesis and the 
Rate o f  Influx o f ^ C  -Cholesterol From Serum Into 
the Aorta Wall*
Teresa Wronska-Nofer and Maria Parke**
Department o f  Biochem istry, Institute o f  O ccupational Medicine, L6dz, Poland 
(Director: Prof. J. N ofer, M. D.)
Summary. In our former experiments it was indicated that in chronic intoxication 
with CS2 body metabolism o f cholesterol in animals is significantly disordered. 
Consequently, the level o f  cholesterol in blood increases and is accompanied by 
a rise in content o f  cholesterol, mainly its esterified form in the aorta. The present 
study revealed increased by CS2 rate o f  cholesterol influx from serum into the 
aorta wall and only slightly enhanced synthesis o f cholesterol in this tissue. These 
results suggest that in chronic poisoning with CS2 , similarly to the experimental 
atherosclerosis, the majority o f  cholesterol in the aorta wall derives from plasma.
Key words: Carbon-Disulphide Intoxication — Aortic Cholesterol Metabolism.
Our previous studies indicated that chronic intoxication with carbon disulphide 
involves disturbances in lipid metabolism in rats (Wronska-Nofer and Nofer, 1966; 
Wronska-Nofer, 1970; Wronska-Nofer, 1972; Wronska-Nofer and Knobloch, 1972; 
Wronska-Nofer, 1973; Wronska-Nofer, 1975), manifested among others by an increased 
level o f  serum cholesterol and small increase o f  cholesterol level in the aorta wall 
(Laurman and Wronska-Nofer, 1977; Wronska-Nofer, 1973). Two processes, the rate 
o f lipoprotein influx from serum into the aorta wall and the rate o f  cholesterol syn­
thesis in the aorta can result in accumulation o f  cholesterol in the aorta wall and 
development o f  atherosclerotic changes. The present study has been designed to 
evaluate whether these processes are changed in rats exposed to CS2 and whether 
the morphological lesions in the aorta wall o f  intoxicated animals are preceded by 
biochemical changes.
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with the Occupational Health Program, U. S. Public Health Service
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Materials and Methods
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Anim als. Female Wistar rats o f  175 g body weight were divided into tw o groups: control and 
intoxicated w ith carbon disulphide. Intoxicated rats were exposed to CS2 vapour at the con­
centration o f  1 mg o f  CS2 /I o f  the air, 5 hours daily, 6 days a w eek, for 6 - 8  m onths. The animals 
were fed Murigran chow  ad libitum .
E xperim en t I. Evaluation o f  the rate o f  incorporation o f  [ 2 - ,4 C]-acetate into cholesterol o f  the 
aorta wall has been carried ou t at 8th m onth o f  experim ent. Rats, both  exposed to CS2 and those 
from corresponding control group were administered intraperitoneally 0 ,9  m l o f  0 ,9  % NaCl 
containing 90  pC i o f  [2-14C]-acetate. All rats were killed 3 hours later and the aorta was taken 
for measurement o f  the activity o f  ,4C-cholesterol synthesized from  14C-acetate.
E xperim en t II. Evaluation o f  the rate o f  cholesterol influx from serum into the arterial wall has 
been performed after 6th  m onths o f  exposure to CS2 according to the m ethod o f  Newman and 
Zilversmit (1962) using lipoproteins labelled with [4-,4 C]-cholesterol. Serum-containing radio­
active cholesterol was prepared by incubation in vitro o f  serum w ith [4 -l4C]-cholesterol according 
to Avigan (1959). An aliquot o f  1 m l o f  serum labelled with 10 pC i o f  [4-14C]-cholesterol was 
injected intravenously to  each animal at the end o f  6 th  m onth o f  exposure. Three days later all 
animals were killed and blood and aorta were taken for analysis o f  cholesterol and evaluation o f  
its influx into the aorta wall. The rate o f  transfer o f  serum cholesterol and also the rate o f  transfer 
o f  serum itself into the aortic wall were both calculated according to the m ethod o f  Shore et al., 
(1955).
C holesterol Measurement. The aortas were hom ogenized in a mixture o f  2 : 1 v/v o f  chloroform  
and m ethanol. Total lipids were extracted from  the hom ogenate according to Folch*s technique 
(1957), and then separated using thin-layer chromatography (TLC) according to Bowyer (personal 
com m unication). The bands o f  free and esterified cholesterol were scraped from  the plate into the 
centrifuge tubes and estimated directly on  silica acid according to Bowyer (personal com m unication). 
The extract containing [4-14C]-cholesterol was measured in LKB liquid scintilation counter. Con­
centration o f  cholesterol in serum was determined acc. to  Sperry and Webb (1 9 5 9 ) and in aorta 
acc. to  Babson et al. (1962).
Results and Discussion
Atherosclerosis has been defined as a disease o f  the intimai layer o f  blood vessels, 
developed as a result o f  deposition in this area a large amount o f  lipids, mainly esters 
o f  cholesterol, accumulation o f  connective tissue matrix including collagen, elastic 
fibres and proteoglycans and also deposition o f  calcium (Ross and Marker, 1976). 
Deposition o f  lipids is supposed to be an essential and very early process initiating 
development o f  the atherosclerotic plaques. Excessive accumulation o f  lipids in the 
vessels’ walls can result from disorders in lipid metabolism o f  the body, disturbances 
in transport o f  lipids from serum into the vessel wall or changes in the metabolic 
activity o f  the wall itself.
In case o f CS2 poisoning, body metabolism o f cholesterol is significantly disturbed. 
It is suggested that an accelerated rate o f synthesis and a reduced rate o f  degradation 
in the liver contribute to the increased level o f  cholesterol in blood o f  CS2 intoxicated 
rats (Wrotiska-Nofer and Knobloch, 1972; Wronska-Nofer, 1973 ; Wronska-Nofer,
1975 ; Wronska-Nofer, 1977). The later is accompanied by a rise in the level o f  chole­
sterol, mainly its esterified form in the aorta wall (Laurman and Wrotiska-Nofer, 1977). 
After 8 months o f  chronic exposure o f  rats to CS2 at concentration o f  1 mg/1, the 
content o f  total cholesterol and cholesterol esters in the aorta wall is elevated about 
30 % and 70 %, respectively (Table 1). There is the opinion that the magnitude o f  the
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Table 1. Esterified and total cholesterol content in the aorta wall o f  control and CS2 
intoxicated rats.
Group o f Duration o f Esterified Total
animal exposure cholesterol % cholesterol %
(m onths) (Mg/whole aorta) (fig/whole aorta)
Control — 4.9 100 70.1 100
cs2 8 8.2 167 89.3 127
Concentration o f  the aorta cholesterol was measured according to  the m ethod o f  
Babson et al. (19 6 2 ), after extraction o f  total lipids from the aorta using the technique 
o f  F olch et al. (1957).
The mean values for the pooled aortas o f  8 rats in each group are given
Table 2. Incorporation o f  [2-14C]-sodium acetate in vivo into aorta cholesterol 
in control and CS2 intoxicated rats
Group o f Specific radioactivity %
animals o f  aortic cholesterol
cpm /mg
Control 650  ± 55 100
CS2 805 ± 70 123
The control and exposed to  CS2 rats were injected with [2-14C]-sodium  
acetate and 3 hours later specific activity o f  l4C-cholesterol in the aorta wall 
was determ ined. Details are given in Materials and Methods.
Each value represents an average o f  10 rats ± S. E.
cholesterol pool in the aorta depends mainly on the rate o f  influx o f  cholesterol from  
serum into the vessel wall (Christensen, 1964; Dayton, 1959;Felt etal., 1963;Hashimoto 
and Dayton, 1966; Hollander, 1967; Matsuda and Kalant, 1966; Newman and Zilver­
smit, 1962;Schwenk and Stevens, 1960), but it is also known that „de novo" synthesis 
takes place in the aorta wall as well (Chobanian, 1968; Daly et al., 1963; Dayton,
1961 ; Loomeijer and Van der Veen, 1962; Ramachandra Rao and Narasinga Rao, 
1968). Both processes, i. e., influx o f serum cholesterol and local synthesis were 
accelerated in result o f  chronic intoxication with CS2 (Tables 2 and 3). The rate o f  
cholesterol transport from serum into the aorta wall in rats intoxicated with CS2 
was 60 % higher as compared to the corresponding controls (Table 3). The rate o f  
cholesterol synthesis in rats exposed to CS2 comparing with controls was about 25 % 
higher. The magnitude o f  the latter changes could not be determined with great 
accuracy since in the in vivo study the radioactive cholesterol o f blood might interfere 
with measurement o f 14 C-cholesterol synthesized in the aorta wall. This effect probably 
increased in case o f  CS2 since the rise o f 14 C-cholesterol in blood due to increase rate 
o f cholesterol synthesis in the liver was indicated in rats intoxicated with CS2 (Wron­
ska-Nofer, 1975). Irrespective o f  the above, exposure to CS2 causes the increase o f  
aortic cholesterol synthesis. The effect o f  CS2 on incorporation o f 14 C-acetate into 
cholesterol has been also confirmed by in vitro study (preliminary unpublished data).
According to Zilversmit (1970) process o f  cholesterol synthesis contributs to 
cholesterol content in normal aortic intima but plays a minor role in atheromatic
T .  W r o n s k a - N o f e r  a n d  M .  P a r k e
Table 3. Transfer rate o f  cholesterol into the aortas o f  intoxicated with CS2 and 
control rats ____________
Group o f  
animals 14 C-cholesterol
Transfer rate o f
serum
fxg/g aorta/h % Atl/g aorta/h %
Control 4 .83  ± 1.40 100 6.7 ± 1.9 100
(11) (ID
CS, ON 00 % 160 9.5 ± 1.3 142
(10) (10)
The control and CS2_ exposed rats were injected with 10 pCi o f  [4-,4 C j-chole- 
sterol labelled serum, and 3 days later specific activity o f  [4-14C]-cholesterol in the 
aorta wall was estim ated. Details are given in Materials and Methods.
Each value represents an average ± S. D.
The number o f  animals in groups are in brackets. 
a difference statistically significant from control
0.001 < p < 0 . 0 1
tissue. The majority o f  aortic cholesterol in the aorta wall derives from serum (Dayton  
et al., 1961 ; Hashimoto and Dayton, 1966; Hollander, 1967) and the rate o f  transfer 
o f cholesterol from serum into the aorta wall increases with the development o f  
atherosclerotic process (Felt et al., 1963; Matsuda and Kalant, 1966; Newman and 
Zilversmit, 1962). Matching the above with the results o f  our experiments one can 
admit that also in CS2 intoxication the increase o f the rate o f cholesterol transfer has 
more pronounced effect on aortic cholesterol concentration than the process o f  
cholesterol synthesis.
The mechanism o f an increased infiltration o f  cholesterol from serum into the 
aorta wall in experimental atherosclerosis is not fully explained yet. However, it is 
assumed to be directly dependent on its concentration in the circulating blood (Dayton  
and Hashimoto, 1966; Felt et ah, 1963; Newman and Zilversmit, 1966). CS2 intoxica­
tion similarly as the experimental atherosclerosis is also characterized by an elevated 
level o f cholesterol in serum. In case o f CS2 intoxication this increase is not very 
high and it is not clear whether this factor is responsible for an increased rate o f  
cholesterol infiltration in rats exposed to CS2 . One cannot exclude that CS2 increases 
permeability o f  the aorta and the increased blood pressure induced also by CS2 
(Lang and Kohler, 1966; Sàkurai, 1972; Tolonen, 1974) could promote transfer o f  
cholesterol from serum into the aortic wall. At present it cannot be evaluated which 
o f the above mentioned factors brings about the increased concentration o f  cholesterol 
in the aorta and which mechanism is responsible for these changes. Nevertheless, on 
the basis o f the results o f  this study, the following conclusions can be drawn:
1. The cholesterol synthesis in the aortic wall and its transfer from plasma into the 
aortic wall are disturbed in the rats chronically intoxicated with CS2 . The latter 
process has probably the greatest influence on cholesterol concentration in the 
aorta.
2. The metabolic disorders in the aorta wall indicated after 6 - 8  months exposure to 
CS2 are not accompanied by morphological changes even after 14 months o f  
exposure to CS2 . Biochemical disorders precede the appearance o f  histological 
changes o f  atherosclerotic type in the vessel wall.
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ABSTRACT
Cholesterol acyltransferase and cholesterol esterase activities o f  protein ex­
tracts from pig aortas have been examined and the ratios o f  synthesis/hydrolysis 
rates in the presence o f  substrates with different fatty acids estim ated. The values 
obtained were in the numerical order: cholesteryl oleate >  palmitate ^  linoleate >  
linolenate >  staerate.
The results are discussed Jin relation to the known different accum ulation o f  
cholesterol esters in the arterial wall.
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INTRODUCTION
The question o f  different rates o f  synthesis and hydrolysis o f  cholesterol esters 
in the arterial wall attracts attention1-3 because o f  the different accum ulation o f  
these esters4*5 and the importance ascribed to their increased synthesis and decreased 
hydrolysis6.
In this report, investigations o f  the in vitro effect o f  substrates with different
* Permanent address: Institute o f  O ccupational M edicine, L ôd f, Poland.
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length and saturation of the fatty acid chain on the cholesterol acyltransferase* and 
cholesterol esterase activities o f the aortic wall are presented.
MATERIAL AND METHODS
Reagents and substrates
Commercial reagents of reagent grade and redistilled organic solvents were 
used. Substrates were checked for purity, and cholesteryl palmitate, stearate, oleate, 
linoleate and linolenate (Sigma, U.S.A.) were prepared as hydrosols as described 
previously6 but without the addition o f sodium taurocholate. Cholesterol and oleic 
acid (Sigma) were prepared in the same way. Aqueous solutions o f the potassium salts 
o f palmitic, stearic, oleic, linoleic and linolenic acid were obtained according to 
Goodman7.
Enzyme preparation
Thoracic aortas from several pigs were pooled and processed to obtain acetone- 
butanol powders, and the powders were extracted with water for cholesterol acyl­
transferase and with 0.25 mol/1 sucrose for cholesterol esterase, as described else­
where1’8. The mixtures were spun at 1500 X g  (Servall, RC-2, U .S.A.) at 4°C for 
10 min, the clear supernatants decanted and used for enzyme estimations. Protein 
was determined by the biuret method according to Gleiss and Hinsberg9.
Enzyme estimations
Enzyme activities were examined using the sample-type method based on 
measuring a change in concentration o f free fatty acids extracted from reaction mixt­
ures before and after incubation.
Reaction mixtures for cholesterol esterase contained one o f the cholesterol 
esters: palmitate (1.5 X 10-3 mol/1), stearate, oleate (10-3 mol/1), linoleate (1.5 X 
10-3 mol/1) and linolenate (1.25 X 10-3 mol/1), reduced glutathione (10-4 mol/1), 
calcium chloride (5 X lO-4 mol/1), tris(hydroxymethyl)aminomethane (lO-2 mol/1), 
and enzyme extract (approximately 1.8 mg o f protein/1.4 ml) in a total volume of 
7 ml, at pH 8.6. The various concentrations o f substrates used were found to be 
optimal10 and substrate inhibition o f the enzyme has previously been demonstrated1’
11. The reaction mixtures were incubated in glass-stoppered test tubes placed in a 
Dacie electric cell suspension mixer (Surgical and Scientific Apparatus, Matburn, 
England) at 30°C for 30 min. Fatty acids were extracted from 1 ml samples with 2.5 
ml o f the extraction mixture according to Dole12 and were then spectrophotometri- 
cally determined in 2 ml o f heptane phase according to Mosinger13, in triplicate.
The activity o f cholesterol acyltransferase was assayed under substrate satura­
* C holesterol acyltransferase =  A cyl-C oA  :cholesterol acyltransferase (EC  2.3.1), cholesterol esterase  
=  sterol ester hydrolase (EC  3.1.1.13).
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tion, where no inhibition o f the enzyme occurred, as described previously3. Reaction 
mixtures consisted o f an appropriate fatty acid (2 x 10~3 mol/1), cholesterol (10-3 
mol/1), ATP (KM  mol/1), CoA-SH (KM  mol/1), magnesium chloride (K M  mol/1), 
sodium taurocholate (KM  mol/1), reduced glutathione (KM  mol/1), phosphate buffer 
(5 X KM mol/1), and enzyme extract (approximately 2.2 mg protein/ml) in a total 
volume o f 10 ml, at pH 6.5. Incubation followed as previously described, for 60 min. 
Fatty acids were extracted and titrated according to Dole12, using 0.01 N  NaOH  
and Nile blue indicator14, in triplicate.
Results are expressed in milliunits o f enzyme specific activity, i.e. in nequiv. 
o f fatty acid esterified or released per min per mg o f protein. Means obtained from 5 
series o f  determinations for substrates with oleic acid were compared using Student’s 
f-test. Ratios o f synthesis/hydrolysis rates for these and substrates with other fatty 
acids (3 series o f determinations) were calculated. The mean values were considered 
as significantly different when distinct from each other by one range o f magnitude 
(0.1-1.0 or 1.0-10.0). Substrate controls (without enzymes) and enzyme controls 
(without substrates) were taken into account.
RESULTS
The mean specific activities o f cholesterol acyltransferase and cholesterol ester­
ase obtained in the presence o f different substrates are presented in Fig. 1.
A higher activity was found for cholesterol oleyltransferase (14.0 ±  1.6 m il/  
mg, N  =  5) than for cholesteryl oleate hydrolase (7.6 ±  1.1 mU/mg, N  =  5; P  
<; 0.001), at different ranges o f means ±  double standard deviations (P  ^ 0.05) 
and the resulting synthesis/hydrolysis ratio was 1.84. The ratios for cholesteryl 
stearate and linolenate are lower by one range o f magnitude, amounting to 0.25 and
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Fig. 1. Arterial enzyme activities in the presence of substrates with different fatty acids. I: acyl- 
CoA :cholesterol acyltransferase; II : cholesterol ester hydrolase. C with subscript indicates the number 
of carbon atoms in the fatty acid chain and the number of double bonds. For details see text.
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0.52 respectively. The appropriate values for cholesteryl palmitate and linoleate are 
within the same range, reaching almost 1.
DISCUSSION
The preferential estérification o f cholesterol with oleic acid and preferential 
hydrolysis o f other cholesterol esters may favour accumulation of cholesteryl oleate 
in the arterial wall. It is known that cholesteryl oleate predominantly accumulates in 
the fatty streak in the rabbit15 and man4-5.
However, there may be objections to a comparison o f the absolute rates of 
synthesis and hydrolysis o f cholesterol esters. This is because the possibility that the 
enzyme activities are modified by various factors, such as different extractability of 
the enzyme proteins and composition o f the reaction systems used, cannot be ex­
cluded. Therefore, not so much the absolute values of synthesis/hydrolysis ratio 
as the differences between the ratio coefficients for the particular cholesterol esters are 
important.
High and significant correlations between the ratios of the reaction rates and 
contents o f appropriate cholesterol esters found in fatty aortic intima4,5 and media4 
may be calculated (r >  0.96, P  <  0.05). N o significant correlation is found for 
normal intima and media4 and intima with perifibrous lipid5, and also not when only 
absolute rates o f either synthesis or hydrolysis and the contents of cholesterol esters 
are compared.
Also other enzyme-catalyzed reactions, such as transacylation from lecithin to 
cholesterol16,17 or from cholesterol ester to lysolecithin10, may be important for the 
arterial synthesis and degradation o f cholesterol esters. Nevertheless, the differences 
between the ratios o f the rates o f the reactions catalyzed by the acyl-CoA icholesterol 
acyltransferase and cholesterol ester hydrolase seem to be significant for the different 
intracellular accumulation of cholesterol esters in the arterial wall.
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SUMMARY
A se m ih e m o g lo b in  c o n t a in in g  p r o s t h e t i c  g ro u p s o n ly  in  th e  y - s u b u n i t s  
(tw o hem es p e r  te tr a m e r )  h a s  b een  p r e p a r ed  by  m ix in g  t o g e t h e r  a p o - a - s u b u n it s  
from  h em o g lo b in  A and n a t i v e ,  h e m e -c o n ta in in g  y - s u b u n i t s  from  h em o g lo b in  F . 
The sem ih em o g lo b in  h a s  o p t i c a l  p r o p e r t ie s  s i m i la r  t o  t h o s e  o f  h em o g lo b in  F . 
The o x y g en  a f f i n i t y  o f  t h e  se m ih e m o g lo b in  i s  lo w e r  th a n  t h a t  o f  i s o l a t e d  
y - s u b u n i t s  b u t  n o t  a s  lo w  a s  t h a t  o f  h e m o g lo b in  F , and t h e  H i l l  c o e f f i c i e n t  
o f  t h e  se m ih e m o g lo b in  i s  n e a r  o n e . T h is  se m ih e m o g lo b in  l e n d s  f u r t h e r  su p p o r t  
t o  th e  n o n - e q u iv a le n c e  o f  th e  s u b u n it s  i n  t h e  h em o g lo b in  t e tr a m e r .
INTRODUCTION
M o d if ic a t io n  o f  t h e  protohem e p r o s t h e t i c  group in  on e  ty p e  o f  h em o g lo b in  
s u b u n it  can  o f f e r  t h e  o p p o r tu n ity  o f  in d e p e n d e n t ly  s t u d y in g  t h e  f u n c t i o n a l  
p r o p e r t ie s  o f  th e  n a t i v e  protohem e group i n  th e  o th e r  ty p e  o f  h em o g lo b in  su b ­
u n i t .  S t u d ie s  ha v e  r e c e n t ly  b e e n  c a r r ie d  o u t  on m o d if ie d  h e m o g lo b in s  w h ich  
c o n t a in  p r o s t h e t i c  g ro u p s o n ly  in  th e  a lp h a  s u b u n it s  o r  b e t a  s u b u n it s  ( 1 ,2 ,  
3 , 4 ) .  T h is  ty p e  o f  h em o g lo b in  h a s  b e e n  c a l l e d  se m ih e m o g lo b in  and h a s  b een  
d e s c r ib e d  by v a r io u s  sy m b o ls . The se m ih e m o g lo b in  o f f e r s  an o p p o r tu n ity  t o  
s tu d y  th e  p r o p e r t ie s  o f  one ty p e  o f  s u b u n it  i n  a  t e t r a m e r ic  c o n f ig u r a t io n  
w ith o u t  in t e r f e r e n c e  from  th e  o th e r  ty p e  o f  s u b u n i t .
We h a v e  p r e p a r ed  a se m ih em o g lo b in  c o n s i s t i n g  o f  a p o -a lp h a  s u b u n it s  from  
h em o g lo b in  A and h e m e -c o n ta in in g  gamma s u b u n it s  from  h em o g lo b in  F and th e  
p r o p e r t ie s  o f  t h i s  m o le c u le  a r e  r e p o r te d  h e r e in .
To whom i n q u i r i e s  sh o u ld  b e  a d d r e s s e d .
X P erm anent a d d r e s s  : D epartm en t o f  B io c h e m is t r y ,  The U n iv e r s i t y  o f  T ex a s  
S o u th w e ste r n  M ed ic a l S c h o o l ,  D a l l a s , T ex a s 7 5 2 3 5 .
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Figure 1: Starch gel electrophoresis pattern of semihemoglobin. (A) isolated
Y-subunits, (B) « ^ 2  semihemoglobin, (C) native hemoglobin F. The starch gel 
was carried out at pH 8.4 using the buffer system described in the text. The 
anode is at the bottom of the photograph.
METHODS AND MATERIALS 
Hemoglobin A was isolated from human blood by a modification of the 
method of Drabkin (5). Carbonmonoxyhemoglobin was separated into its subunits 
by treatment with p-mercuribenzoate (PMB) according to the procedure of Bucci 
and Fronticelli (6). After standing in the cold for 3-5 hours, the PMB-treated 
hemoglobin was dialyzed overnight against 10 mM phosphate buffer, pH 6.0, and 
the subunits were separated from each other by starch block electrophoresis 
using 0.06 M sodium phosphate buffer, pH 7.0. Electrophoresis was carried out 
on plastic plates (20 cm x 21 cm) on which 80 grams of starch containing 17 
PMB had been layered (7,8). The PMB-containing alpha subunits (aPMB) moved 
toward the cathode and were cut out of the starch block. The protein was 
eluted from the starch and the PMB was removed from the alpha subunits by émul­
sification with cold 1-dodecanethiol according to the method of De Renzo, 
et al. (9).
Apo-a-subunits were prepared by acid acetone treatment (10). Immediately 
after heme removal, the apo—a-chains were dissolved and dialyzed against a 
large volume of 10 mM phosphate buffer, pH 7.0. The substantial precipitate
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F ig u r e  2 : A s p e c tr o p h o to m e tr ic  t i t r a t i o n  o f  t h e  CX2Y2 sem ih e m o g lo b in  w it h
p ro to h em e. The t i t r a t i o n  was c a r r ie d  o u t  on 0 .1  M p h o sp h a te  b u f f e r ,  pH 7 . 0 .
o b ta in e d  a f t e r  o v e r n ig h t  d i a l y s i s  was d is c a r d e d  and t h e  s o l u b l e  a p o - a - s u b u n i t s  
w ere p la c e d  i n  0 . 1  M p h o sp h a te  b u f f e r , pH 7 . 0 ,  and t i t r a t e d  w it h  f e r r i —p r o to  
heme by  f o l lo w in g  th e  a b so rb a n c e  ch an ge a t  406  nm. The protoh em e c o n c e n tr a ­
t i o n  w as m easured  b y  p y r id in e  hem ochrom ogen d e te r m in a t io n  ( 1 1 ) .  From t h e  
t i t r a t i o n  i t  w as d e te r m in e d  how much n a t i v e ,  h e m e -c o n ta in in g  gamma s u b u n it  
was n e c e s s a r y  t o  add t o  a c e r t a i n  vo lum e o f  a p o - a - s u b u n i t s  i n  o r d e r  t o  p r e ­
p a re  t h e  se m ih e m o g lo b in .
F e t a l  h e m o g lo b in  w as p r e p a r ed  from  co rd  b lo o d  a c c o r d in g  t o  t h e  m ethod o f  
S t d f f l e r ,  e t  a l .  ( 1 2 ) .  Gamma s u b u n it s  w ere  p r e p a r ed  from  u n f r a c t io n a t e d  l y ­
s a t e s  o f  f e t a l  b lo o d  by  t h e  m ethod o f  N o b le  ( 1 3 ) .  A f t e r  tr e a tm e n t  o f  t h e  c o rd  
b lo o d  h e m o ly sa te  w i t h  PMB, t h e  pH w as a d j u s t e d  t o  4 . 3  and th e  r e a c t i o n  m ix tu r e  
a llo w e d  t o  s ta n d  o v e r n ig h t .  A s i n g l e  band was s e e n  on s t a r c h  b lo c k  e l e c t r o ­
p h o r e s i s  h a v in g  a  m o b i l i t y  i n d i c a t i v e  o f  t h a t  o f  gamma s u b u n i t s .  A f t e r  e l u ­
t i o n  o f  t h i s  band from  t h e  s t a r c h ,  t h e  PMB w as rem oved a s  d e s c r ib e d  a b o v e .
4 4 6
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F ig u r e  3 : L ig h t  a b s o r p t io n  s p e c t r a  o f  th e  « ^ 2  sem ih em o g lo b in  i n .  i t s  m e t,
d e o x y , and carbonm onoxy fo r m s . The s p e c t r a  w ere  o b ta in e d  in  0 .1  M p h o sp h a te  
b u f f e r ,  pH 7 . 0 .
The gamma s u b u n it s  w ere  o b ta in e d  i n  th e  f e r r i c  form  and w ere  t i t r a t e d  t o  th e  
f e r r o u s  form  w it h  sod iu m  d i t h i o n i t e .  I d e n t i f i c a t i o n  o f  th e  gamma s u b u n it  was 
c a r r ie d  o u t  b y  a l k a l i n e  d é n a t u r a t io n  r a t e  and UV a b s o r p t io n  sp ec tru m  ( 1 4 ) .
The s u l f h y d r y l  c o n t e n t  o f  a l l  s u b u n it s  d e s c r ib e d  w as d e te r m in e d  b e f o r e  and  
a f t e r  PMB rem o v a l by  t h e  m ethod o f  B oyer  ( 1 5 ) .
The se m ih e m o g lo b in , w as p r e p a r ed  by a d d in g  h e m e -c o n ta in in g  gamma
s u b u n it s  t o  a p o - a - s u b u n i t s  and a l lo w in g  t h e  m ix tu r e  t o  s ta n d  a t  4°C o v e r n ig h t .  
The se m ih e m o g lo b in  w as p u r i f i e d  and c o n c e n tr a te d  on C M -c e l lu lo s e  b y  e l u t i o n  
w ith  0 .1  M p h o sp h a te  b u f f e r ,  pH 7 .5  ( 4 ) .
S ta r c h  g e l  e l e c t r o p h o r e s i s  w as c a r r ie d  o u t  u s in g  t h e  d i s c o n t in u o u s  b u f ­
f e r  sy s te m  d e s c r ib e d  by  P o u l ik  ( 1 6 ) .  The o x y g e n -b in d in g  p r o p e r t ie s  o f  t h e  
se m ih e m o g lo b in  w ere  d e te r m in e d  by  u s in g  t h e  sod iu m  b o r o h y d r id e  r e d u c t io n  
t e c h n iq u e  o f  A sa k u ra , e t  a l .  ( 1 7 ) ,  i n  0 .2  M p h o sp h a te  b u f f e r , pH 7 . 0 ,  a t  23 C. 
No m ore th a n  fo u r  d i f f e r e n t  o x y g e n  t e n s i o n s  w ere  m easured  on an i n d iv i d u a l  
sa m p le  o f  se m ih e m o g lo b in  in  o r d e r  t o  b e  c e r t a in  t h a t  no a p p r e c ia b le  d é n a tu r a ­
t i o n  to o k  p l a c e .  The o p t i c a l  s p e c t r a  o f  t h e  sem ih e m o g lo b in  in  0 . 1  M p h o sp h a te  
b u f f e r ,  pH 7 . 0 ,  w ere  m easured  on a  Spectrom om  202 s p e c t r o p h o t o m e t e r .
RESULTS AND DISCUSSION 
E v id e n c e  f o r  t h e  fo r m a tio n  o f  t h e  se m ih e m o g lo b in  i s  shown i n  t h e
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s t a r c h  g e l  e l e c t r o p h o r e s i s  p a t t e r n  in  F ig .  1 .  The sem ih e m o g lo b in  (B) a p p ea r s  
hom ogeneous and h a s  a  s i m i la r  m o b i l i t y  t o  t h a t  o f  h em o g lo b in  F (C) and a  v e r y  
d i f f e r e n t  m o b i l i t y  from  t h a t  o f  i s o l a t e d  gamma s u b u n it s  ( A ) . F u r th e r  e v id e n c e  
f o r  t h e  se m ih e m o g lo b in  fo r m a tio n  i s  s u p p lie d  by t h e  f a c t  t h a t  i s o l a t e d  gamma 
s u b u n it s  a r e  n o t  a b so rb ed  on C M - c e l lu lo s e , pH 6 .0 ;  y e t  a f t e r  m ix in g  a p o - a -  
s u b u n it s  w it h  h e m e -c o n ta in in g  y - s u b u n i t s ,  m ost o f  t h e  h e m e -c o n ta in in g  m a t e r ia l  
i s  a b so rb ed  t o  C M -c e l lu lo s e  and m ust b e  e lu t e d  o f f  a t  h ig h e r  pH v a l u e s .
T i t r a t i o n  o f  t h e  se m ih e m o g lo b in  w ith  protoh em e a s  f o l lo w e d  s p e c t r o p h o t o -  
m e t r i c a l l y  a t  406 nm i s  shown i n  F ig .  2 .  The t i t r a t i o n  c l e a r l y  show s th e  
b in d in g  o f  two m o le s  o f  p rotoh em e p e r  m ole  o f  se m ih e m o g lo b in , th e r e b y  c o n f ir m ­
in g  th e  n a tu r e  o f  t h e  c o m b in a tio n  p r o d u c t .  The a b s o r p t io n  s p e c t r a  o f  t h e  m e t,  
d e o x y , and carbonm onoxy form s o f  t h e  sem ih e m o g lo b in  a r e  s e e n  i n  F ig .  3 ,  and a r e  
v e r y  s i m i la r  t o  t h o s e  o b ta in e d  w it h  n a t i v e  h e m o g lo b in  F .
The H i l l  p l o t  o b ta in e d  from  o x y g en  e q u i l ib r iu m  s t u d i e s  c a r r ie d  o u t  on th e  
se m ih e m o g lo b in , h em o g lo b in  A, h e m o g lo b in  F , and i s o l a t e d  gamma s u b u n it s  i s  
shown i n  F ig .  4 .  The l i n e s  a r e  drawn from  l e a s t - s q u a r e  a p p r o x im a tio n s  o f  t h e  
r e s u l t s  o f  s e v e r a l  e x p e r im e n ts  and th e  o x y g e n a t io n  p a r a m e te r s  f o r  t h e s e  l i n e s  
a r e  foun d  i n  T a b le  I .  The i s o l a t e d  gamma s u b u n it  h a s  a  h ig h  o x y g en  a f f i n i t y  
and a  H i l l  c o e f f i c i e n t  n e a r  o n e . The o x y g en  a f f i n i t y  o f  t h e  se m ih e m o g lo b in  i s  
lo w e r  th a n  t h a t  o f  th e  i s o l a t e d  s u b u n it  b u t  n o t  n e a r ly  so  lo w  a s  t h a t  o f  e i t h e r  
n a t iv e  h em o g lo b in  A o r  F . In  a d d i t i o n ,  i t  h a s  a H i l l  c o e f f i c i e n t  n e a r  u n i t y .  
The f a c t  t h a t  t h e  t e t r a m e r ic  se m ih e m o g lo b in  show s no c o o p e r a t iv e  o x y g e n  b in d ­
in g  i s  e x p e c te d  b e c a u se  th e  m ajor c o o p e r a t iv e  i n t e r a c t i o n  b e tw e en  a lp h a  and  
gamma s u b u n it s  d u r in g  o x y g e n a t io n  d o e s  n o t  o c c u r  in  t h e  se m ih e m o g lo b in . The 
o x y g en  a f f i n i t y  o f  th e  se m ih e m o g lo b in  i s  b e tw e en  t h a t  o f  i s o l a t e d  gamma su b ­
u n i t s  and t h a t  o f  n a t i v e  h em o g lo b in  F . T h is  r e s u l t  i s  s i m i la r  t o  t h a t  o b t a in e d  
p r e v io u s ly  w it h  o t h e r  h y b r id  h em o g lo b in s  ( 4 ,5 )  and i n d i c a t e s  t h a t  t h e  lo w  o x y ­
gen  a f f i n i t y  s t a t e  o f  n a t i v e  h em o g lo b in  r e q u ir e s  t h a t  a  p r o s t h e t i c  group  b e  
p r e s e n t  i n  e a ch  s u b u n it  o f  th e  t e tr a m e r .
I t  i s  a l s o  s e e n  i n  T a b le  I  t h a t  t h e  o x y g en  a f f i n i t y  o f  th e  se m ih e m o g lo b in
4 4 8
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F ig u r e  4 :  H i l l  p l o t  o f  o x y g en  e q u i l i b r i a  f o r  th e  0 ^ 2  sem ih em o g lo b in  com pared
t o  h e m o g lo b in  A , h e m o g lo b in  F , and i s o l a t e d  gamma s u b u n i t s .  A l l  l i n e s  w ere  
drawn from  l e a s t - s q u a r e  a p p r o x im a tio n s  o f  th e  r e s u l t s  o f  s e v e r a l  o x y g en  e q u i ­
l ib r iu m  e x p e r im e n ts .  The o x y g e n a t io n  p a r a m e te r s  f o r  t h e s e  l i n e s  a r e  fo u n d  in  
T a b le  I .  A l l  e x p e r im e n ts  w ere  c a r r ie d  o u t  in  0 .2  H p h o sp h a te  b u f f e r ,  pH 7 . 0 ,  
a t  2 3 °C .
TABLE I  
O x y g en a tio n  P a ra m eters
Sam ple Log P1 /2 02a n -v a lu e ^
H em oglob in  A 0 .98  + 0 .0 8 ° 2 .9  + 0 .17
H em oglob in  F 1 .05  + 0 .06 3 .1  + 0 .19
y - s u b u n i t -0 .0 1  + 0.04 1 .3  + 0 .18
t a2^2 s# M -h # n °8 lo b in 0 .31  + 0.07
1 .1  + 0 .19
3 -s u b u n it^ -0 .0 4  + 0.05 1 .9  + 0 .12
"* 1 a2^2 s e ^ emo g l ° b i nd 0.19 + 0 .06 1 .0 8  + 0 .16
0  p l / 2 ° 2  i s  t h e  oxy g en  p r e s s u r e  a t  o n e - h a l f  h em o g lo b in  s a t u r a t i o n .
k n - v a lu e  i s  th e  e x p o n e n t i n  t h e  H i l l  e q u a t io n ,  
c +  s ta n d a r d  e r r o r . 
^ S ee  r e f e r e n c e  4 .
4 4 9
1Vol. 5 6 , N o. 2 ,1 9 7 4  BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
d e s c r ib e d  h e r e  i s  som ewhat lo w e r  th a n  t h a t  o f  th e  p r e v io u s ly  d e s c r ib e d  se m i­
h em o g lo b in  c o n t a in in g  heme i n  th e  b e t a  s u b u n i t s .  In  a d d i t i o n ,  th e  o x y g en  a f — 
f i n i t y  o f  i s o l a t e d  b e t a  s u b u n it s  i s  som ewhat h ig h e r  th a n  t h a t  o f  i s o l a t e d  
gamma s u b u n i t s . The f a c t  t h a t  th e  same p a t t e r n  o f  o x y g en  * a f f i n i t i e s  o b se r v e d  
in  i s o l a t e d  s u b u n it s  i s  m a in ta in e d  in  t h e  se m ih e m o g lo b in s  o f f e r s  f u r t h e r  su g ­
g e s t i o n  t h a t  a  n on —e q u iv a le n c e  o f  h em o g lo b in  s u b u n it s  e x i s t s  in  t h e  t e tr a m e r ic  
c o n f ig u r a t io n .  I t  seem s c l e a r  from  t h e  s tu d y  o f  se m ih e m o g lo b in s  t h a t  th e  
a —B o r  a —y i n t e r a c t i o n s  i n  th e  h em o g lo b in  te tr a m e r  p la y  an im p o r ta n t  r o l e  in  
d e c r e a s in g  t h e  o x y g en  a f f i n i t y  o f  t h e  in d iv i d u a l  s u b u n it s  so  t h a t  th e y  f u n c t io n  
i n  t h e  norm al p h y s i o l o g i c a l  r a n g e  o f  o x y g en  c o n c e n t r a t io n s .  In  a d d i t i o n ,  
s t u d i e s  w it h  se m ih e m o g lo b in s  show t h a t  a  p r o s t h e t i c  group i n  e a c h  s u b u n it  i s  
a n e c e s s a r y  r e q u ir e m e n t  f o r  t h i s  lo w e re d  o x y g en  a f f i n i t y .
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Abstract— Previous experiments have revealed changes in the metabolism of nicotinic acid and nico- 
tinamide-adenine dinucleotides due to CS2 intoxication. In this study the incorporation of tryptophan 
into nicotinam ide-adenine dinucleotides in the liver o f rats chronically intoxicated with CS2 has been 
measured. The concentration and radioactivity o f N A D  in the liver o f rats were determined 5 hr after 
administration o f a loading dose o f tryptophan and 2 hr after injection of a trace dose o f [14C] trypto­
phan. It was found that tryptophan was more extensively incorporated into nucleotides in the liver 
of rats intoxicated with C S2. This indicates, that tryptophan, rather than nicotinic acid, is the main 
precursor o f N A D  synthesis in animals intoxicated with CS2.
The results from our previous studies have shown 
chronic exposure to CS2 of both men [9] and labora­
tory animals [9,10,15] causes an increased urinary 
excretion of metabolites of nicotinic acid (NAc) and 
nicotinamide (NAm), but does not produce depletion 
of nicotinamide-adenine dinucleotides in tissues 
[11,12,14] although the metabolic turnover of 
the nucleotides is significantly increased [13]. Since, 
apart from nicotinic acid, tryptophan is the main pre­
cursor of NAD, it seemed plausible to suppose that 
this amino acid could compensate for these require­
ments in CS2 intoxicated animals, in which case its 
utilization for the synthesis of nicotinamide-adenine 
nucleotides would be significantly increased. Our 
studies were aimed at verifying this hypothesis.
MATERIALS AND METHODS
The experiments were performed on 3-month-old 
white rats of the Wistar strain, weighing 170 g at 
the beginning of the experiment. The animals were 
exposed to CS2 vapour at a concentration of 17 
(1-45-2-05) mg/1 of air, for 5 hr daily, 6 days per week 
over a period of 7-8 months. The control animals
* This investigation has been done partly under the 
Polish-American agreement N o. 05-003-3 with the Occupa­
tional Health Program, U.S. Public Health Service.
were maintained under the same conditions without 
exposure to CS2. During the whole experimental 
period water and diet containing adequate amounts 
of vitamins and mineral salts were supplied ad libitum. 
Both the control and the exposed animals consumed 
about 20 g of the diet/day/rat.
The rate of synthesis o f nicotinamide-adenine 
dinucleotides from tryptophan was measured in two 
experiments, simultaneously in the control and 
CS2-intoxicated rats. In the first experiment rats from 
both groups were injected intraperitoneally with a 
single dose of 1-2 m-molè per k g  body weight of d l -  
tryptophan. Five hours later the rats were decapitated 
and the livers excised. The levels of oxidized nicotin­
amide-adenine dinucleotides were determined in the 
livers before and after the injection of tryptophan 
according to the method of Sokal et al. [7]. In the 
second experiment intoxicated and control rats were 
injected intfapentoneally with a single dose of 20 /xCi 
(1 /imole) of DL-tryptophan in physiological solution. 
DL-Tryptophan [ 14C] uniformly labeled in the ben­
zene ring, sp. act. 100 mCi/m-mole, was obtained from 
the Radiochemical Centre, Amersham, England. Two 
hours later the rats were decapitated and the levels 
and the specific radioactivity of nicotinamide-adenine 
dinucleotides in the liver were determined according 
to the method described in our former paper [13].
Table I. The levels o f oxidized nicotinamide-adenine dinucleotides in the livers o f rats exposed to CS2
N A D + N A D P  
(m //mole/g)
The rise in 
N A D  +  N A D P  level
before tryptophan 
loading
after tryptophan 
loading
loading
(m /im ole/g)
Control 652 +  60 884 +  167 232
(8) (8)
C S2-exposed 666 +  77 1036 +  124* 370
(6) . (6)
The control rats and rats exposed to CS2 for 7 months were given intraperitoneally 0 2 5  m-mole o f  DL-tryptophan 
in 0 8  ml o f 2 5% N a H C 0 3. 5 hr later the animals were decapitated and the livers were excised for the determination 
o f the oxidized nicotinam ide-adenine dinucleotides, N A D  +  N A D P.
The results are expressed as mean ±  S.D. The numbers o f animals in the experimental groups are given in parentheses. 
* Significantly different from the control group (P <  005).
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Table 2. Specific radioactivity of N A D  +  N A D P  in the 
livers of control and CS2-intoxicated rats after adminis­
tration of [ 14C]tryptophan
Number N A D  +  N A D P
o f animals (cpm//zmole)
Control 5 6716 ±  1250
CS2-exposed 5 ' 14600 +  1983*
Control 7 31  ±  0 2
CS2-Exposed 7 3 2 ±  018
The level of tryptophan was measured in the liver of  
control rats and experimental animals after 7 months of 
exposure to CS2 vapour at a concentration o f 1*5-1-7 
mg/1 of air. The homogenized liver was refluxed with 5N  
N aO H  and tryptophan determined according to method 
o f Spies[8].
The results are expressed as mean ±  S.D.
Nicotinic acid and tryptophan are the main pre­
cursors of nicotinamide dinucleotides [5], However, 
the uptake of nicotinic acid from the diet was 
shown [13] to be unchanged in rats exposed to CS2. 
The results of the present study show an increased 
rate of utilization of tryptophan for the synthesis of 
nucleotides in the liver of rats intoxicated with CS2. 
This increase was not caused by dietetic factors since 
the control and intoxicated rats were provided with 
an adequate and controlled amount of food covering 
their daily requirements for calories, vitamins and 
amino acids. The rats of both groups were provided 
with 22 mg of tryptophan per rat per day, sufficient 
to cover the daily requirement of the animal for this 
amino acid [4],
Results, not shown, indicate that the prolonged in­
toxication with CS2 does not alter the size of the 
tryptophan in the liver. The level of endogenous tryp­
tophan in the liver is similar in rats exposed to CS2 
and in control animals (Table 3). Therefore, the dif­
ference in specific radioactivity of the nucleotides 
between control and exposed animals cannot be 
explained by differences in the specific radioactivity 
of tissue tryptophan. Any changes in the concert 
tration of liver tryptophan after 7 months of exposure 
would be reflected in significant changes in the level 
of nucleotides. Yet the results of a number of our 
experiments indicated no changes in the level of oxi­
dized nucleotides in the liver of rats intoxicated with 
CS2 even after 14 months of exposure [11,12,14].
Chronic intoxication with CS2 induces a significant 
rise in the activity of tryptophan pyrrolase in the liver 
of rats [2]. This also supports the conclusion that 
the rate of conversion of tryptophan to nucleotides 
is increased.
In conclusion, the results suggest that animals in­
toxicated with CS2 use more tryptophan for the syn­
thesis of nucleotides and, in this way, the augmented 
demands of the organism for the precursor of nico­
tinamide nucleotides are met.
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Control rats and rats exposed to CS2 for 7 months were 
given intraperitoneally 20/tC i (1 //mole) o f DL-[14C]trypto- 
phan in 0 5 ml o f physiological solution. After 2 hr the ani­
mals were decapitated, the livers excised and the specific 
radioactivity o f N A D  +  N A D P  determined.
The results are expressed as mean ±  S.D.
* Significantly different from the controls (P <  0  05).
RESULTS
Rats after 7 months of exposure to CS2 displayed 
symptoms of intoxication such as disturbances in 
equilibrium, muscular weakness and slight paresis of 
the hind limbs. The mean body weight of the control 
and exposed animals was 220 and 215 g, respectively. 
Despite the long period of exposure, concentrations 
of the oxidized nucleotides in the livers from the con­
trol rats and from those exposed to CS2 before injec­
tion of tryptophan were similar (Table 1). Adminis­
tration of tryptophan in a single dose of 0 25 m-mole 
per rat resulted in an increased level of oxidized nu­
cleotides in the liver. However, much higher rise in 
the concentration of the nucleotides was noticed in 
exposed rats (370 m /nnole/g), than in the control ani­
mals (230 m //mole/g) (Table 1).
Table results of the second experiment (Table 2) indi­
cate that the incorporation of [ 14C] tryptophan into 
liver nucleotides is much faster after exposure to CS2, 
since the specific activity of nucleotides is more than 
100% higher than that in control animals.
DISCUSSION
Previous studies [6,9,10-15] have shown that the in­
creased excretion of metabolites of nicotinic acid and 
nicotinamide caused by CS2 intoxication was pro­
duced not only by an increased degradation of the 
nucleotides but was due to the accelerated metabolic 
turnover of the nicotinamide-adenine dinucleotides. 
Since, even after long-term exposure to CS2, the levels 
of tissue nucleotides are not changed [11], the 
mechanism of these changes must involve increased 
delivery of the precursor of nicotinamide dinucleo­
tides to compensate for the higher rate of their meta­
bolic degradation.
Table 3. Effect o f chronic CS2 exposure on the level of 
tryptophan in rat liver
Number Tryptophan
of animals (mg/g tissue)
